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ABSTRACT 







This dissertation consists of two major parts: Firstly, experimental investigation of four 
major shale softening mechanisms and quantifications of structural parameters. Secondly, 
numerical simulations of nano-scale flow behaviors using the previous experiments 
determined parameters based on modified pore network modeling. 
Hydraulic fracturing is widely applied to economical gas production from shale 
reservoirs. Still, the gradual swelling of the clay micro/nano-pores due to retained fluid 
from hydraulic fracturing causes a gradual reduction of gas production. Four different gas-
bearing shale samples are investigated to quantify the expected shale swelling due to 
hydraulic fracturing. These shale samples are subject to heated deionized (DI) water at 
100°C temperature and 8.2 MPa pressure in a laboratory reactor for 72 hours to simulate 
shale softening. The micro and nano-pore structures change during shale swelling, and the 
porosity decreases after shale treatment. The porosity decreases by 4% for clayey shale, 
while for well-cemented shale, the porosity only decreases by 0.52%. The findings show 
that the initial mineralogical composition of shale plays a significant role in the swelling 
of micro and nano-pores and the pore structure alteration due to retained fluid from 
hydraulic fracturing.  
Secondly, the permeability of shale is of significance in the gas extraction process. 
The shale gas permeability is usually obtained based on Darcy flow using standard 
 
 
laboratory permeability tests that do not account for different transport mechanisms and 
anisotropic effects in shale due to nano-scale pore structure. However, this method cannot 
reflect the variations in transport mechanisms and anisotropic effect in shale due to 
additional nano-scale pore structure into consideration. In this study, the permeability of 
shale is simulated by a pore network model. Pore structure characteristics can be described 
by specific parameters, including porosity, pore size, pore throat distribution, and 
coordination number. The anisotropy is incorporated into the model using a coordination 
number ratio, and an algorithm is developed for connections of the pores in the shale 
formation. The proposed three-dimensional pore network model is verified by predicting 
hydraulic connectivity and comparing it with several high-pressure permeability tests. 
Results show that the prediction of the anisotropic model is closer to the test results than 
that of the isotropic model. The predicted permeability calculated by numerical simulation 
is consistent with the measured permeability.  
Finally, the production rate with time for three formations and the negative effect 
of shale softening on gas production is analyzed, respectively. Then the historical 
production data from Eagle Ford Shale, Haynesville Shale, and Longmaxi shale are 
compared. A modified PNW model is developed to simulate each shale formations' flow 
properties using realistic reservoir parameters. The simulation results have a similar decline 
rate compared to actual historical production data, and the effect of softening of shale 
matrix is also incorporated. These results can predict how shale softening impacts the 
production rate of different conditions and provide a clear picture of how reservoir 
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1.1 Background Information 
World Energy needs have risen and will rise even further in the future. The expectance of 
a high standard of living, recent technology development, and population growth in the 
world are the three main reasons for higher energy demands [1]. Extracting natural gas 
from shale in the United States (USA) is one of the landmark events of the 21st century. 
Horizontal drilling combined with hydraulic fracturing has allowed the extraction of large 
amounts of natural gas from low permeability shale formations previously considered 
impossible or uneconomical to exploit.  
 
Figure 1.1 World Shale Gas Reserves. Units: trillion cubic feet. 




Figure 1.1 shows the world shale gas reserves. Many of those countries with shale 
gas reserves are trying to cope with growing energy demand while reducing their 
dependence on imported fossil fuels. Most notably, China is the world's largest energy 
consumer and one of the world's largest shale gas resource holders. China has increased 
shale gas production from nearly zero in 2012 to 6.5 billion cubic meters per year in 2015 
and will be exploiting 8-10 billion cubic meters by 2020, accounting for a quarter of their 
total gas consumption [3]. It is speculated that shale gas will play an essential role in 
meeting global energy needs and will be an indispensable part of the energy policy in most 
countries of the world [4]. The exploration and transformation of shale gas have attracted 
the interest of many countries and have experienced rapid development [5]. Shale gas is a 
mature and highly profitable industry [6]. In 2018, EIA reported an average dry natural gas 
production of 80.4 billion cubic feet per day (Bcf/d), increasing 9% from 2017 levels[7]. 
Hence, it is of great importance to thoroughly study the extraction of shale gas from shale 
formations and the interaction of fracturing fluid on shale formations.  
 
1.2 Problem Statement 
In typical gas production wells, the gas production rate declines rapidly within the first few 
months of initial extraction. For example, Valkó and Lee compiled monthly production 
data from selected Barnett shale wells and shown in Figure 1.2, and the newer wells have 
higher initial production. Still, the production rates declined rapidly, as indicated in the 
graph. Several other researchers observed this phenomenon, and a similar decline in gas 
production rate can be seen in different shale gas reservoirs, as shown in Figure 1.3. This 
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early decline of gas production raises several questions regarding hydraulic fracturing, 
including gas wells instability and decreasing permeability of the formation.  
 
Figure 1.2 The variation of the average gas production rate of three selected Barnett shale 
wells with production time. 
Source: [8]. 
 
This rapid decline in production rate could be due to the depletion of methane or 
the decline in fracture conductivity between the reservoirs and wellbores. Researchers who 
have been studying this decline have concluded that the shale-water reactions under high 
temperature and pressure may be the main reason for the loss of fracture conductivity. The 
fracture conductivity between the reservoirs and wellbores is critical for gas production. 
Therefore, the loss of fracture conductivity within a few months seems to be the main 
reason for the steep decline in gas production and causing a significant decrease in long-
 
4 
term production. To achieve an economical production rate, gas permeability within the 
whole matrix must remain at a certain level. Therefore, the depletion of gas production rate 
within initial production remains a potential problem for the shale gas industry. 
 








Figure 1.3 shows the average gas production rate per well in different shale basins 
across the United States. Figure 1.4 shows that the gas production rate increased, and the 
rate of declination also increased both with the time of installation. 
 
1.3 Objectives 
The shale gas extraction using horizontal drilling and hydraulic fracturing technologies 
have enabled the production of hydrocarbons from tight shale formations. However, rapid 
depletion of shale gas production rate with time due to shale softening and constrain in the 
interconnectivity of pores of shale formations remain two major concerns during drilling 
and completion of wellbores in unconventional shale reservoirs. Both issues are primarily 
due to shale-fluid interactions. Understanding the interactions of organic-rich shale with 
water-based fluids is the first step towards quantifying the problems. Hence, the main 
objective of this study is to investigate the interactions of organic-rich shale with water-
based fluids and the impact of that on shale permeability. A series of tests will be performed 
to determine specific surface area, pore size distribution, total porosity. The combined N2 
and CO2 gas sorption test, along with micro-computerized tomography measurements of 
several shale samples (Sichuan formation and Eagle Ford formation), will also be 
performed. Changes in shale properties will be measured before and after shale samples 
encountered water-based fluids. This research will evaluate the changes in pore structure, 
namely: porosity, pore size distribution, and pore connectivity before and after shale in 
contact with water-based fluids used during hydraulic fracturing. 
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The experimentally obtained pore structure of shale will then be used to develop a 
pore network model for virgin shale and shale contact with fracturing fluids. First, the 
developed pore network model will be modified to include anisotropy. The modified pore 
network will predict the variation in shale permeability with the difference in pressure 
between inlet and outlet. The predicted permeability values will then be compared with the 
measured values reported in the literature. Then, the variation of pore structure between 
pre-treated shale and treated shale will be compared, and the above anisotropic pore 
network model will be used to predict the permeability variances of shale samples before 
and after treatment with the pressure difference between inlet and outlet to quantify the 
impact of shale permeability due to shale softening.  
Though fracturing enhances the shale gas production of tight gas-bearing shale, the 
water-based fracturing fluids contribute to shale softening and hence swelling of pores to 
rapidly decline the gas production rate with time. Hence, this research attempts to present 
a mechanistic explanation for the decline in shale gas production with time. The research 
goals are elaborated in Figure 1.5, and specific tasks are listed below. 
Task 1  Experimentally investigation of virgin and treated shale to determine the 
pore structure and the softening process effect (see Chapter 3) 
Task 2  Details of the pore network model and the modification to simulate 
anisotropic shale (see Chapter 4) 
Task 3  Evaluations of experimental data and developments of representative pore 
structure for both virgin and treated shale (see Chapter 5) 
Task 4  Prediction of virgin and treated shale permeability using the modified pore 
network model with experimentally determined pore structure to quantify the degradation 











2.1 Shale Softening 
Shale formations are different from conventional gas reservoirs; shale gas is stored in nano-
pores connected by nano fractures and natural microcracks. Two technological innovations 
contributed to the rapid rise in shale gas extraction, namely horizontal drilling, and 
hydraulic fracturing. Figure 2.1 depicts both.  
Hydraulic fracturing has experienced tremendous technological development since 
its early days. The hydraulic fracturing technique has been transformed from a low-volume, 
low-rate operation to a highly complex, engineering-driven procedure in the subsurface 
[11]. Hydraulic fracturing is known as the alteration of the reservoir rock by fracturing the 
structure around the wellbores and adding sand or other granular material in those fractures 
to support the opening into the wellbore. The extraction of oil and natural gas in areas in 
which traditional methods have proved inefficient is feasible by hydraulic fracking. Recent 
reports have estimated that hydraulic drilling would be necessary for up to 95% of natural 
gas wells boiled in the next decade. A highly automated, designed and monitored technique 
that uses specifically chosen chemical types and quantities to increase the performance of 
hydraulic fracturing. Usually, these additives constitute less than 1% of fluid drilling. 
However, experience and ongoing experiments have increased the process's efficiency and 





Figure 2. 1 Horizontal drilling and hydraulic fracture. 
Source:  [12].  
 
Like horizontal drilling, the primary purpose of hydraulic fracturing is to create an 
additional area of contact in the reservoir so that hydrocarbons can flow in the shale 
formations. Multiple hydraulic fractures can be created in stages on the same horizontal 
wellbore, enabling the well productivity to be increased many times [13,14]. Academic and 
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industrial research efforts have been focused on issues such as geomechanics and formation 
damage due to shale-fluid interactions. 
Upon exposure to the aqueous fracturing fluids at high temperatures and high pressures, 
the mechanical properties of shales such as elasticity, hardness, and strength usually 
deteriorate due to a phenomenon called “shale softening,” which occurs within the shale 
matrixes [15]. It is generally agreed that shale softening significantly impacts the design 
and operation of shale gas exploration and long-term gas production. This reactivity 
between water-based fracturing fluids and shale formations can be attributed to the water-
sensitive clay minerals and acid-sensitive carbonate minerals in shale rocks [16,17]. When 
shale matrix encounters water-based drilling and fracturing fluids, shale swelling and 
softening can occur. As a result, the flow of shale gas can be significantly reduced. In other 
words, the pore structure of the shale would change with the interaction of fracturing fluids. 
Hence, the petroleum industry will benefit tremendously if the sensitivity of shale to water-
based fluids can be quantified. The change in permeability of each type of shale gas well 
can be predicted.  
To investigate the factors contributing to changes in shale matrix due to water-based 
fluids, shale-fluid interactions have been studied extensively to understand the various 
mechanisms involved in phenomena such as shale swelling [18–20]. However, there is 
limited research on how clay-water interaction and acid-carbonate integrations affect the 
pore structure of the shale matrix. After shale softening, the predictions of gas production 





2.2 Water-based Fracturing Fluid on Pore Structure  
Shale is defined as fine-grained classic sedimentary rocks. It is formed by the compaction 
of clay and silt, or mud [21]. Due to their small grain size, the porosity of shales is generally 
below 10% [22], and their permeability is typically in the range of 1,000 nano-Darcy to 10 
nano-Darcy [23]. In terms of mineralogical composition, shale typically consists of 
different types of clay, fine-size quartz, and feldspars. In addition, carbonates (calcite), 
sulfides, iron oxides, and organic carbon compounds also exist in shales [24]. The 
uniqueness of the mineralogy of shale reservoirs, compared with conventional reservoir 
systems, is the organic matter, and organic matter adds complexity to the characteristics of 
shales. Therefore, the proper characterization of the physical properties of shale is essential 
in the success of resource evaluation and estimation of the permeability. Hence, in this 
study, several physical properties of shale will be measured and compared. Those critical 
parameters included: porosity, pore size, coordination number, and pore throat size of shale 
matrix.  
 
2.3 Clay-water Reactions and Carbonate-acid Reactions  
Figure 2.2 shows the mineralogical compositions of different shale reservoirs, where 
typically less than 50% could be clays. Less than 60% would be quartz and carbonate, 
where carbonate concentration would range from 0 to nearly 90%. There is a wide range 
of mineralogy of gas shale with clay and carbonate contents currently used to produce 
hydrocarbons or are being evaluated for production in the United States. The mineralogy 
of shales is vital because it is related to other physiochemical and microstructural properties, 
such as the potential for water-clay reaction and acid-carbonate reaction, both directly 
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contributing to shale softening. These shale properties will facilitate drilling and fracturing 
activities to get the target shale gas production rate from shale reservoirs.  
 




Wu and Sharma showed that the change in shale's microstructure would strongly 
depend on mineral composition [26]. Clay minerals are naturally formed by the weathering 
and decomposition of igneous rocks or inherited from fine-grained sedimentary rocks [27]. 
Due to the excessive negative charges on the surface of clay particles and the distribution 
of ions in the electrolyte between clay particles, an electrical double layer (EDL) or 
diffused double layer (DDL) is formed [28]. Hence, when a clay particle is in contact with 
fracturing fluid, an aqueous electrolyte, a double layer repulsive potential is developed, 
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resulting in pore structure changes and swelling of pores. Sun et al. [29] studied the impact 
of slickwater fracturing fluid on the mineralogical composition of pre-treated and treated 
samples, as shown in Table 2.1. 
Table 2. 1 Mineral Compositions of the Pre-treated and Post-treated Shale Samples  
Source: [29]. 
 
Samples Quartz Calcite Dolomite Pyrite Plagioclase Clay 
Pre-treated shale 36 36 7 2 4 16 
Treated shale 37 32 5 2 5 19 
 
The clay minerals in the pre-treated shale sample mainly consisted of a mixed layer 
of illite and smectite (I/S) (97%) and a small amount of chlorite (3%). After the fracturing 
fluid treatment, the content of clay minerals increased from 16% to 19%. The slickwater 
in fracturing fluid is water-based, clays can absorb the water in shale during fracturing, and 
the adsorbed water may change the pore structure of the shale matrix [30]. Wu and Sharma 
[26] showed that slickwater is often a mild acid solution with a pH ranging from 5.6-6.8. 
Carbonate-acid reactions could be another reason for the micro structural change of pore 
structure fracturing water injected into the shale formations.   
Figure 2.3 shows the loss of four major minerals (dolomite, calcite, quartz, and clay) 
in shale that reacted with slickwater. The weight loss of carbonate (calcite and dolomite) 
contributed to almost 15% of total weight loss. This dissolution of carbonate may also lead 




Figure 2. 3 Weight loss of minerals from Bakken shale in slickwater over 24 hours. 
Source: [26]. 
 
2.4 Impact of Slick Water on Changes in Pore Size Distribution  
Figures 2.4 and 2.5 show comparisons of pore size distributions of two different formations 
before and after exposure to slickwater. It is evident that the pore size distribution of 
formations is altered after treatment. Hence, the shale matrix parameters such as porosity, 
coordination number, average pore size, and pore throat are also changed. Therefore, the 
permeability of each shale reservoir would also change. 
Figure 2.4 shows the change in the number of nano-pores, leading to a completely 
different pore structure. The experimental results suggest that after slickwater fracturing 
fluid treatment, the carbonate minerals were reduced by dissolution, resulting in a large 
number of dissolution pores measuring 2–5 μm in diameter. By combining these 
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observations with both BET and C.T. analysis, it became clear that the reduction of total 
pore volume and specific area of nano-pores might be the two controlling factors:  
(1) the carbonate minerals dissolution transformed the nano-pores into pores with 
diameters up to 2 μm. 
(2) the clay minerals in the shale mainly composed of I/S and the smectite in the I/S mixed 
layer had a positive correlation with water activity, which could cause the clay swelling 
and reduce the specific surface area and pore volume of shale samples after reaction d ue to 
shale softening. 
 
Figure 2. 4 Sichuan Longmaxi samples pore size distribution for treated and pre-treated 
by mild acid slick fracturing water. a: (pore volume), b: (Specific surface area).  
Source: [29]. 
 
However, other researchers have suggested that acid fracturing creates many 
macrospores with diameters up to 120 μm, which will increase the gas permeability of 
shale. As shown in Figure 2.5, there is a significant increase of macrospores ranging from 
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500nm-3000nm. Based on N2 gas adsorption method, the microspores are also increasing 
from 10nm to 120nm, which are quite different from previous results. 
 
Figure 2. 5 Pore size distribution measured by MIP (a) and N2 adsorption (b) for both 
treated and pre-treated Bakken samples.  
Source: [31].  
 
Based on the above discussion, two competing reactions contribute to shale 
softening due to the injection of slickwater during fracturing. The first one is the clay-water 
reaction that causes swelling of pores and pore throats. The second would be the dissolution 
of carbonates that increase the size of pores and pore throats. The dissolution of carbonates 
would increase the shale gas permeability, while the swelling of clays would reduce the 
permeability of the shale matrix. The literature shows that shale gas-bearing formations 
have more extensive clay contents compared to carbonate. Hence, the clay swelling will 





Figure 2. 6 Schematic of a typical gas production shale rock-solid.  
Source: [32,33].  
 
Figure 2.6 shows the average mineralogical content of gas-bearing shales of the 
United States. There is a higher percentage of clay minerals ranging from 20%-60% of 
total mass, directly controlling the fluid-clay reaction [32,33]. Zhang et al. [34] reported 
that the clay content in shale rocks is the fundamental cause for the significant reduction 
of shale fracture conductivity after fracturing. However, the chemical interactions between 
shale and fracturing fluid have not been thoroughly elucidated [35]. The interactions 
between these minerals and fracturing fluid would affect the pore structure and 
permeability of the shale. Sanaei et al. [36] reported that the composition and content of 
clay minerals determined the clay swelling and the size of the diffused double layer. They 
investigated the production loss due to clay swelling in a realistic, complex hydraulic 
fracture network. However, the impact of fracturing fluid on the permeability in shale was 
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not quantified. Quantifying the influence of fracturing fluids on pore structures and 
predicting the production rate of shale gas reservoirs could improve shale gas extraction. 
 
2.5 Pore Network Model  
It is well known that some nano-scale gas transport processes may be difficult to predict or 
explain unless there is a well-defined experiment used to study the phenomenon accurately. 
The pore network model can bridge the gap between laboratory simulation and the 
prediction of shale gas transport. Although a pore network is challenging to obtain with 
traditional experimental studies, a detailed pore network makes it possible for researchers 
to study nano-scale gas transport properties. 
The equivalent pore network model is a simplified model of the pore structure of 
the geo-media. The model simplifies the complex flow path (pores, throats, etc.) in the geo-
media into regular geometric shapes, such as spheres and cylinders. The rules are 
developed so that the model has a similar seepage performance as the actual geo-media. 
Fatt [37] first proposed the two-dimensional equivalent pore network model. The 
methodology gradually evolved from two-dimensional to three-dimensional and now 
developed into equivalent pore network models suitable for simulation of various geo-
media. 
The equivalent pore network model consists of pores and throats. The pores represent 
the larger part of the cavity in the geo-media. The pores are connected by the throat, where 
fluid migration occurs. The radii of the pores are all variable, but their positions are 
regularly arranged on grid points; that is, the distance between adjacent pores is a constant 
value, the purpose of which is to simplify the calculation. The shape of the throat is a 
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cylinder whose radius is calculated according to the BACON key formula to ensure that 
the seepage property is like the actual structure[38,39]. A pore can be connected to the 
surrounding 26 pores with pore throats[40]. The average number of surrounding pores 
varies according to the geomaterial. The average number of active connections is called 
the “coordination number.” By adjusting the size of the pore radius, pore throat radius, and 
pore coordination number, a pore network model can be developed to simulate the seepage 
characteristics of geo-media. 
 
Figure 2.7 (a) Cubic lattice with a constant coordination number of six (b) cubic lattice 
with 26 pore coordination number. 
 
Pore network model developed by Zhang et al.[41] will be used in this research. 
The above model is an isotropic one. However, shale is an anisotropic material. Hence, the 
above model will be first modified to be used for actual shale. This modified model will be 
validated using actual measured permeability data. This validated model with 
experimentally determined pore structure of virgin shale and pre-treated shale will be used 
to predict the permeability of virgin shale and pre-treated shale to quantify the impact of 
fracturing fluids on the deterioration of shale gas production with time. Also, the softening 
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process of water-clay interaction will be incorporated by changing the geometry of pore 





SHALE SOFTENING AND ITS IMPACT ON NANO-SCALE PROPERTIES 
 
3.1 Introduction 
Hydraulic fracturing involves the injection of high-pressure fracturing fluid into the shale 
formation to produce a complex fracture network, facilitating the extraction of adsorbed or 
stored shale gas stored in micro and nanopores. Though approximately 50% of the 
fracturing fluid is recovered after hydraulic fracturing, the balance is retained in the shale 
formation. These trapped fracturing fluids interact with the shale formation and reduce the 
permeability and hence, the gas productivity of the shale formation [42].  
Although the current hydraulic fracturing technology for shale gas production has been 
widely used, the geochemical reactions and physical changes due to the shale-hydraulic 
fracturing fluid reaction and the factors contributing to those reactions are not well 
understood. Several studies have shown shale swelling due to the interaction of retained 
and fracturing fluid with clays in shale. Johnston and Beeson [43] analyzed the 
permeability of more than 1,200 oil sand samples from 107 wells in 43 zones. They showed 
that approximately 70% of the sands showed significant and distinct permeability change 
due to injected freshwater. Morris et al. [44], based on flood tests designed to measure 
steady flow rate on reservoir cores containing 8% swelling clays, showed that the average 
permeability decreased by 92.5%. Goldenberg et al. [45] showed a reduction in porosity 
due to a logarithmic decrease in the overall connectivity of highly reactive smectite 
minerals. 
Due to retained fluid from hydraulic fracturing, exchangeable cations between clay 
layers of shale formations are hydrated, and the space between clay layers is increased. 
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Fink et al. [46], Krishna Mohan et al., [47], Norrish [48], Zhang, and Low [49] showed that 
the two active pathways of clay swelling, namely crystalline and osmotic swelling, and 
hence potential porosity reduction. Wilson et al. [50] showed the swelling of North Sea 
sandstone formation due to clay content. Davy et al. [51] showed that for poorly connected 
sedimentary rocks with low porosities ranging from 1% to 5%, fractures heal when in 
contact with fracturing fluids. 
Clay swelling hinders gas flow and reduces the effective permeability of shale [51,52]. 
Simultaneously, hydration weakens the binding of mineral particles, thereby further 
decreasing fracture aperture and hydraulic conductivity. Although laboratory-scale water-
clay interaction experiments provide valuable preliminary data on the physical and 
chemical interactions between shale and fracturing fluid, most of these absorption 
experiments were performed at low temperatures and low pressures [44,45]. Field shale 
reservoirs are usually at high temperatures and subject to high pressures. Several 
researchers have performed high temperatures and high-pressure laboratory shale softening 
studies to simulate the processes that occur in reservoirs. Du et al. [15] used deionized 
water for 48 hours without heating or applying pressure to soften the shale and degradation 
of mechanical properties after treatment. However, water-clay interaction will be different 
for actual natural gas reservoirs subjected to high temperature and pressure. Wu and 
Sharma [26] showed that carbonate-acid reactions could be another reason for the porosity 
change for the interaction of shale formations with slickwater containing a mild acid  
solution of pH ranging from 5.6-6.8. Sun et al. [29] used simulated slick water with a 1% 
clay-control agent at 100°C and 50 MPa for 72h to simulate site conditions. The typical 
composition of slickwater is not freely available and is a trade secret in the fracturing 
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industry. Hence, it is not easy to quantify and standardize additives to simulate actual site 
conditions for shale softening experiments. Therefore, clay control agents, along with pH 
controllers, should be eliminated to simplify the measurements. Therefore, deionized water 
was used in this research to investigate the clay-swelling. The primary objective of this 
research is to identify the impact of mineralogy on the change in micro and nano porosity 
of shale during hydraulic fracturing of shale.  
The clay-water reaction is complex, with several factors controlling, leading to 
variable test outcomes. As a result, several high-temperature and high-pressure shale 
immersion tests were performed to determine the impact of water-based drilling fluid on 
the physical properties of gas-bearing formations. Subsequently, low-pressure nitrogen 
absorption-desorption (BET) experiments, porosity, and density tests were performed on 
four different shales to measure the change in the distribution of pore sizes and the change 
in porosity. The final purpose of this measurement is to estimate the decline in shale gas 
production over time by quantifying the shift in pore structure and reducing the 
permeability of shale due to the interaction of shale with drilling fluid resulting in shale 
softening. The pore network model will then be used to simulate the decline in permeability 
decline with a softened shale structure.  
Therefore, several experiments will be performed to obtain the physical parameters of 
shale before and after softening to quantify the shale softening. The required parameters 
for the pore network model are porosity, pore size, pore throat, and specific surface area of 
the virgin and treated shale, along with C.T. and SEM images. The details of the 
experimental methodology, including sample preparation, experiment condition, special 




Figure 3.1  Flow chart of the whole tests. 
 
3.2 Sample Preparation 
The clay-rich shale is extremely sensitive to water due to its tendency to react with moisture. 
Drying and cracking of a shale sample are encountered if in contact with the moisture in 
the environment. Hence, cores samples used in this research were carefully stored in 
containers to provide a moisture-free and constant-pressure environment before the 
softening experiments [53].  
Shale samples of Hayneville, Longmaxi, Eagle Ford, and Opalinus formations were 
cut into smaller pieces using a low-speed precision cutter, as shown in Figure 3.2 (model 
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type–minitom manufactured by Struers). This machine allows producing accurate 1cm3 
cubic shale samples, as shown in Figure 3.3. Pure ethanol is used as a cooling fluid to cool 
the cutter instead of water to prevent water interaction with the shale before the treatment. 
To fit the hydrothermal reactor (shale treatment reactor), the shale sample size must be 
smaller than 1cm*1cm*1cm. Several powder samples were also prepared before the 
treatment from four shale samples. The powder samples were prepared using a grinding 
machine shown in Figure 3.4 (model type Brinkman manufactured by Restsch), which 
allows a sufficient amount of 80-100 mesh size for BET tests.  
 
 





Figure 3.3 Sample size.  
 
 
Figure 3.4 The Grinding machine. 
 
There are two sizes of the sample that need to be prepared before the softening, one 
type is powder samples, and another is cubic samples. The powder sample will be used for 
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XRD and BET tests. The cubic sample will be used during Water-treatment, CT, and SEM 
tests. 
 
3.3 Shale Treatment 
The shale treatment experiments were performed using a specially designed test setup. The 
main component of the test setup consists of a hydrothermal reactor. High pressure was 
supplied using inner liquid nitrogen gas for this core treatment chamber. The hydrothermal 
reactor was immersed in a constant temperature water bath. This treatment chamber 
simulated high-temperature and high-pressure fluid-rock interaction. Before the treatment 
test, the setup connections were checked because each shale sample must be inside the 
chamber for three days to achieve the softening. Nitters et al. [54] provided the typical 
breakdown of fracturing fluid, as shown in Table 3.1. Wu and Sharma [26] and Sun et al. 
[29] suggested that using mild acids can accelerate the shale softening.  
Table 3.1  Accepted Level for Water-based Fracturing Fluids  
Source: [54]. 
 
This device is called a hydra-thermal reactor (CIT-XHTC400-V25B manufactured by 
Columbia international) with a chamber volume of 25 ml. This reactor was connected to a 
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high-pressure gas cylinder and heating device with pressure and temperature measuring 
devices. The maximum operating temperature and pressure are 400 °C and 30 MPa, 
respectively. Barbot et al. [55] suggested that the fracturing fluid injected into the typical 
formation is around 48-68Mpa. Also, Shaffer et al., [56] and Estrada and Bhamidimarri, 
[57] indicated in their research that the temperature of slickwater is usually around 65 ℃ 
to 100 ℃.  
Furthermore, before the tests, the whole setup was checked for leaks to ensure it is 
fully sealed. The treatment chamber was filled with DI water, and the original cubic shale 
was fully immersed in the simulated fracturing fluid. A 1200 psi pressure was applied to 
the hydrothermal reactor, and the reactor was kept at a 100℃ constant temperature water 
bath for 72 hours to simulate the actual field conditions [58–60]. 
 
Figure 3.5 Schematic shale treatment setup. 
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In order to prevent the water evaporation from the water bath, it was covered using a 
plastic tarp during the test. After the test, the shale sample was placed inside an oven at 
70°C under controlled humidity and moisture for 24 hours before the BET analysis. In this 
research, shale samples were subject to deionized water at 1200 psi and 100℃ for 72 hours 
to simulate shale softening. There were five main reasons for the use of deionized water, 
which are summarized below: 
1. The concentration of electrolytes in water can reduce the potential swelling by 
reducing the diffuse double layer (DDL)[61].  
 
2. The high salt concentration in slickwater can affect the physical properties of clay 
by causing fine particles to bind together to aggregates or flocculate. Flocking can 
reduce surface area and decrease free swell and swell pressure [62]. 
 
3. The swell potential can decrease with cation exchange between water and clay and 
prevent water entry between the layers [63]. In addition, the DDL thickness 
decreases with salt concentrations leading to the collapse of the clay structure and 
reducing swelling potential [64]. 
 
4. Also, high sodium ion concentration can cause divalent ions such as calcium, which 
appear to lower DDL in water samples, to be replaced. Therefore, the swell 
potential decreases with an increased sodium concentration in the slickwater [65]. 
 
5. The high temperature and pressure have a significant impact on shale-fluid 
interactions, which control shale treatment. The addition of chemicals will also 
increase the mineral dissolution rate, intensified by high temperatures, leading to 
the breakdown of the integrity of the shale structure.  
 
Hence, chemicals should be excluded when investigating the pure clay interactions in 






Table 3.2  Condition of softening experiment 
 
Sample Sample size Pressure Temperature Fluid Duration 
Haynesville 1cm3 cubic 1200 psi 100℃ DI water 72 hours 
Eagle Ford 1cm3 cubic 1200 psi 100℃ DI water 72 hours 
Longmaxi 1cm3 cubic 1200 psi 100℃ DI water 72 hours 
Opalinus 1cm3 cubic 1200 psi 100℃ DI water 72 hours 
 
 




The actual setup was shown in Figure 3.6, including a hydra-thermal reactor, a 
Nitrogen tank, a constant water bathing device, and thermal-pressure gauges. Figure 3.7 
shows the positioning of the shale sample and thermal reactor. 
 
Figure 3.7  Combination of the water bath and hydrothermal reactor. 
 
3.4 XRD Analysis 
The X-ray diffraction (XRD) data from four shale samples were used to determine the 
mineralogy. The mineralogical study is critical to explain the shale softening mechanism 
based on the clay content of shale. With higher clay contents in a shale formation, a more 
significant clay-water reaction is expected [46,48]. Also, clay content varies over a wide 
range in different formations; hence the determination of clay content is essential to 
quantify the degree of shale softening. The carbonates may also contribute to shale 
softening. Therefore, the mineralogy study included the quantification of both clay and 
carbonate contents using XRD tests. Thus, XRD was performed before and after the 
treatment tests for all shales. 
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The original and treated shale samples were cleaned, dried, and grounded to a size 
smaller than 120 μm to be used for mineralogical analysis. The same procedure was 
followed for the treated shale. A copper source of 40kV and 40mA was used for the XRD, 
and the shale powders before and after treatment were subjected to diffraction angles (2θ) 
between 5o and 60o at a scan rate 1o /min [66]. 
X-ray diffraction (XRD) is a modern technology used to detect the mineralogy and 
elements in shale samples. The mineralogy study is critical to observe shale softening 
mechanisms based on the clay content of shale. The higher the clay contents in a shale 
formation, the greater the clay-water reaction. Also, clay content varies within a wide range, 
so the determination of the clay content is essential to quantify the degree of shale softening. 
The carbonate may also contribute to shale softening. Hence mineralogy of both clay and 
carbonate content will be quantified using laboratory tests. Thus, XRD will be performed 
before and after the softening tests for all shales. 
 
Figure 3.8  XRD powder sample. 
 
The detailed XRD preparation procedure is summarized below. The powder sample 
shown in Figure 3.8 must be kept away from moisture. To make reasonable comparisons, 
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the same amount of sample powder was used for the XRD test. The sample preparation 
must be followed as exactly described below to keep the data consistent. There are several 
essential steps for the XRD experiment as following. 
 
Figure 3.9 Accessories for sample preparation, powder sample preparation, and 
installation. 
 
Figure 3.9 shows the accessories and holders of the powder samples. The powder 
sample has different holders, and handling the powder sample requires much more 
attention than a solid sample. To keep everything consistent, the following steps were 
followed, as shown in Figures 3.10 and 3.11. 
After sample preparation, the sample stage was selected for the spinning stage. The 
mounting of powder and selection of suitable slits was based on the sample size and 
accuracy. In our case, the shale powder holder was 16 mm, and the mask size was 10 mm 
based on the starting angle of 5 degrees, as shown in Figure 3.12. The Soller silt and 





Figure 3.10  Powder sample preparation. 1) powder sample after filled into the groove;     
2) sample compact using glass slide; 3) sample remains cleaning; 4) sample covered using 
lids after wiping. 
 





Figure 3.12 Sample mounting. 1) Placing the sample; 2) Sample position and placement. 
 
 
Figure 3.13  Installation of Soller slit and divergence slit. 1) uninstalled unit; 2) installation 




3.41 XRD data analysis 
The XRD results are the peak value of each crystalline over the scanning angles. Thus, by 
matching the database of known crystalline patterns, one can quantify the mineralogy of a 
particular powder or solid using the Rietveld method.   
Table 3.3  Parameter of XRD Scanning of Original Shale Powder 
Raw Data Origin XRD measurement 
Start Position [°2Th.] 5.0117 
End Position [°2Th.] 69.9857 
Step Size [°2Th.] 0.013 
Scan Step Time [s] 8.67 
PSD Length [°2Th.] 3.35 
Offset [°2Th.] 0 
Divergence Slit Type Fixed 
Divergence Slit Size [°] 0.125 
Specimen Length [mm] 10 
Measurement Temperature [°C] 25 
K-Alpha1 [Å] 1.5406 
K-Alpha2 [Å] 1.54443 
K-Beta [Å] 1.39225 
K-A2 / K-A1 Ratio 0.5 
Generator Settings 40 mA, 45 kV 
Diffractometer Type 11131886 
Diffractometer Number 0 
Goniometer Radius [mm] 240 
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Using high-score-plus, which is the advanced XRD data handling software, the 
quantification of mineralogy can be summarized into a detailed peak list. The same 
procedure was followed when scanning the powder of softened shale, and the same 
mineralogy was applied to quantify the change in mineralogy. 
Table 3.4  Peak List of Original Shale Powder 
Pos. [°2Th.] Height [cts] FWHM Left [°2Th.] d-spacing [Å] Rel. Int. [%] 
5.1265 16.62 0.0384 17.23827 0.98 
5.2682 1.22 0.0640 16.77498 0.07 
5.7362 19.21 0.0384 15.40728 1.13 
5.8195 21.20 0.0640 15.18702 1.25 
6.0190 20.89 0.0384 14.68405 1.23 
6.2782 26.15 0.0512 14.07838 1.54 
6.7515 39.34 0.0512 13.09243 2.32 
8.8489 147.00 0.0512 9.99346 8.68 
9.3031 16.47 0.0384 9.50649 0.97 
9.9445 8.53 0.0384 8.89477 0.50 
10.0445 19.93 0.0384 8.80645 1.18 
10.7920 6.64 0.6140 8.19810 0.39 
11.6627 14.96 0.2047 7.58791 0.88 
11.9454 35.34 0.0640 7.40895 2.09 
12.0853 34.75 0.0256 7.32352 2.05 
12.5148 83.31 0.1023 7.07312 4.92 
13.3334 16.00 0.0512 6.64064 0.94 
14.2691 22.74 0.0384 6.20722 1.34 
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Table 3.5 Continued    
14.4131 23.58 0.0384 6.14552 1.39 
15.1278 12.14 0.0768 5.85677 0.72 
15.3845 8.44 0.0384 5.75963 0.50 
15.5413 16.55 0.0768 5.70187 0.98 
16.0981 14.32 0.0512 5.50586 0.85 
16.4153 20.77 0.0384 5.40017 1.23 
17.3610 21.19 0.0384 5.10810 1.25 
17.7605 25.39 0.1535 4.99408 1.50 
18.1226 30.37 0.0384 4.89510 1.79 
18.8198 10.29 0.1535 4.71532 0.61 
18.9371 14.96 0.0384 4.68636 0.88 
19.0815 4.15 0.0768 4.65124 0.24 
19.7903 82.10 0.0768 4.48622 4.85 
20.8452 305.54 0.0512 4.26151 18.03 
21.3090 12.38 0.0384 4.16979 0.73 
21.4785 3.29 0.0384 4.13726 0.19 
21.6154 20.13 0.0384 4.11136 1.19 
22.0120 29.36 0.1279 4.03819 1.73 
22.6119 4.68 0.0640 3.93238 0.28 
23.0827 40.49 0.0768 3.85324 2.39 
23.5532 24.52 0.1023 3.77732 1.45 
24.2576 20.35 0.2047 3.66920 1.20 
25.1406 40.12 0.1279 3.54230 2.37 
26.6294 1694.17 0.0512 3.34754 100.00 
 
39 
Table 3.6 Continued    
27.9295 87.97 0.0768 3.19461 5.19 
29.4039 251.72 0.0768 3.03768 14.86 
30.8000 10.14 0.1535 2.90310 0.60 
31.2201 8.88 0.1535 2.86500 0.52 
31.8737 5.73 0.3070 2.80771 0.34 
33.0072 29.55 0.1791 2.71384 1.74 
33.9240 7.52 0.1023 2.64257 0.44 
35.0076 47.82 0.3070 2.56322 2.82 
 
3.42 Minerology of Shale 
The XRD results show the peak value for each crystalline material over the scanning angles. 
By matching the database of known crystalline patterns, one can quantify the mineralogy 
of a particular powder or solid using the Rietveld method [31,67–69]. Figure 3.14 shows 
the XRD results for the Haynesville shale. Using high-score-plus, the advanced XRD data 
handling software, the quantification of mineralogy can be summarized into a pie chart for 
Haynesville shale, as shown in Figure 3.15. Figure 3.15 shows that the average mineralogy 
of Hayesville shale was as follows: 24.1% Quartz, 43.2% Illite, 0.9% Kaolinite, 0.6% 
Chlorite, 2.5% Pyrite, 17.9% Pyrite, and 3.0% Dolomite. 
Although there were minor differences between the measured and the reported, the 
measured results are comparable to those reported [70,71]. Table 3.5 summarizes the 










Figure 3.15  Mineralogy chart of Haynesville shale. 
 



















Opalinus 13.5 44.2 18.1 3.4 65.7 12.8 0.7 1.3 14.1 
Haynesville 24.1 43.2 0.9 0.6 44.7 17.9 0 3 20.9 
Longmaxi 36.3 35.6 0.8 0 36.4 2 0 10.3 12.3 
Eagle Ford 20 3.4 2.2 0 5.6 60 0 4 64 
 
3.5 BET Measurements 
Before the treatment test, the density in g/cm3 of each shale was determined , and they were 
2.29 for Opalinus, 2.53 for Haynesville, 2.58 for Longmaxi, and 2.43 for Eagle Ford.  
The BET analysis aims to determine the absorption and desorption patterns of powder 
samples, in this case, shale before and after treatment, using the Autosorb machine (model 
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type Autosrob-iQ manufactured by Quantachrome Instruments). All test samples were first 
dried in a vacuum for 12 hours under a constant temperature of 150°C before BET tests. 
The pore volume was determined using the Density Functional Theory (DFT) model [72–
74]. 
After 12 hours of degassing and a full isotherm gas sorption test, both sample powder 
before and after shale treatment were tested under the same conditions, including degassing 
pressure and temperature, loading condition, and same liquid N2. Finally, based on the raw 
data, the porous media-absorption and desorption graphs for four shale samples before and 
after treatment were obtained. 
After 12 hours of degassing and 24 hours of full isotherm gas sorption test, both sample 
powder before and after shale softening will be tested under the same parameters, including 
degassing pressure and temperature and loading condition for the same partial pressures of 
N2. To ensure that the test was comparable, the same weight of the test sample was also 
used to ensure that the weight does not affect the test. Finally, the classic porous media-





Figure 3.16  Autosorb iQ manufactured by The Bruker. 
 
There are major peak changes in the absorption and desorption patterns between the 
original and softened samples. After softened, shale absorbed more volume of gas per gram 
than original shale. Most importantly, based on the absorption and desorption patterns and 
DFT method, the pore size distribution of both original and treated shale can be generated, 
as shown in the next section. 
The experiment is designed to obtain the pore size distribution (PSD) for the same 
sample but with different treatment conditions. The major peak changes during the shale 
softening indicate that softening impacts the structural parameter of shale. The peak of 
softened shale decreases after shale treatment, and this peak change proved that clay 




3.51 Pore Size Distribution of Original and Treated Shale 
Based on density functional theory (DFT) [75], the BET results can be converted to pore 
size distribution, as shown in Figures 3.17. The pore size distributions in Figure 3.17 show 
subtle differences between the untreated and treated shale samples. However, the 
maximum amount of N2 adsorbed at the highest pressure changed. 
The pore size distribution can be used to quantify the changes in the pore structure of 
shale samples. The pore size distributions of the four shales indicated that the shale pore 
structure is multimodal, where at least two significant peaks can be found in all pore sizes. 
The pore volumes of four shales reduced from pore sizes of 1nm to 5nm. However, after 
treatment, pore volumes of the Eagle Ford shale significantly reduced compared to the 
untreated samples, indicating a substantial change in micropores during treatment. Figure 
3.17 shows that the peaks for the four shales are around 1 nm and 7 nm based on the half 
pore width. The pore size distribution of the original four shales was altered after softening 
treatment. 
Figure 3.17(b) shows a significant change in peak volumes for Eagle Ford shale from 
2nm to 6nm. In this case, a large amount of inner Illite/Smectite (I/S) layer structure 
contributed to a substantial change in pore sizes with clay swelling. Also, it was observed 
that after treatment from Figures 3.17(a), (c), and (d), the pore volumes of Haynesville, 





(a) Haynesville Shale 
 
(b) Eagle Ford Shale 
 
(c) Longmaxi Shale 
 
(d) Opalinus Shale 
Figure 3.17  Pore size distribution comparison before and after treatment. 
 
After integration, the cumulative volume of the four shales was calculated and is 
reported in Table 3.4. Before each BET test, the dry weight of powder samples was 
measured using a highly sensitive scale. Hence, the porosity can be calculated by knowing 
the density of each shale. The volumetric density of each original and treated shale was 
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obtained from BET analysis, and powder mass was used to calculate porosity. It should be 
noted that the possible mass loss after the heating and degassing was neglected.  









Longmaxi 0.0177 cc/g 0.0164 cc/g 1.58% 1.06% 
Eagle Ford 0.0168 cc/g 0.0148 cc/g 4.40% 3.80% 
Haynesville 0.0401 cc/g 0.0322 cc/g 2.94% 1.84% 
Opalinus 0.0368 cc/g 0.0346 cc/g 7.80% 3.80% 
 
From Figure 3.17, the major peak of Haynesville, Longmaxi, and Opalinus shale is 
around 2 nm, while that for Eagle Ford shale was around 1 nm. It was also observed that 
the major peak of Eagle Ford shale shifted to 2nm after treatment, indicating the pore 
structure was altered due to the clay-water reaction. While Figure 3.17 (a), (c), and (d) 
show no evidence of shifting of peaks, the I/S layer would be the primary reason for such 
changes. However, after treatment, the PSDs of all four shales decreased. 
The clay content of tested shale varies from 65.7% (Opalinus shale) to 5.6% (Eagle  
Ford). The porosity comparison of four original and treated shale and the calculated loss in 
shale porosity were plotted with the total clay content shown in Figures 3.18. A linear 
correlation between clay content of four shales and porosity reduction rate after softening 
was obtained with the following relationship:  




Figure 3.18  Correlation between clay content and porosity loss. 
 
3.52 Absorption-Desorption Curves  
The shape and hysteresis of low-temperature N2 adsorption-desorption isotherms can 
effectively characterize the pore morphology of shale [76]. According to the International 
Union of Pure and Applied Chemistry (IUPAC) classification, isotherms can be divided 
into six types (I to VI), and their hysteresis modes are designated as Type A to Type D 
[77–79]. Figure 3.19(a) shows the N2 adsorption-desorption isotherms Haynesville shale 
before and after treatment. According to the IUPAC classification, the N2 adsorption 
isotherms and hysteresis modes of all tested shale samples can be classified into Type IV 
isotherms [80]. At a lower relative pressure (P/P0 < 0.01), the amount of adsorbed gas in 
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all tested shale samples was low, while at a higher relative pressure (P/P0 >0.9), the amount 
of adsorbed gas sharply increased. This phenomenon indicates that micropores and 
mesopores with few large pores (larger than 50nm) contribute to the total porosity of 
samples. Figure 3.19 (b) shows the isotherm comparison for Eagle Ford shale, described 
as the Type III hysteresis. The Eagle Ford hysteresis loops are type C, demonstrating that 
in the Eagle Ford shales, slit-formed pores are the primary pores. Previous studies have 
shown the relation of plate-like pores in clay minerals [81,82].  
 
Figure 3.19  Adsorption isotherm types (a) and classification of hysteresis loops and their 
related pore shapes (b). 
Source:  [83,84]. 
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The different compositions of clay minerals can cause variations in hysteresis loops 
types of Type III and Type IV [85]. The type D hysteresis loops of the remaining three 
shale samples indicate that the pore shape of these shale samples may be bottle-shaped 
pores (with narrow necks and large pore bodies)[86].  
For the Opalinus shale, the N2 adsorption capacity decreased from 0.0368 cc/g to 
0.0346 cc/g by comparing the peak values from the isotherm graphs. The volumetric 
density was performed using the BET equation: both total volume and mass of the sample 
were treated to reflect the decrease in the N2 adsorption capacity of shale after treatment. 
Similarly, the maximum N2 adsorption capacity of Longmaxi, Eagle Ford, and Haynesville 
shales decreased from 0.0168 cc/g to 0.0148 cc/g, 0.04 cc/g to 0.032 cc/g, and 0.0177 cc/g 
to 0.0164 cc/g, respectively, indicating that the N2 adsorption capacity of all shale samples 
decreased after treatment. The adsorption capacity is mainly related to the number of 
micropores and mesopores. Therefore, the change in the N2 adsorption capacity of four 












Figure 3.20  Isotherm Comparison for four shales tested (a) Haynesville, (b) Eagle Ford 





3.6 CT Analysis 
Micro-CT scans of FOUR SHALE samples were performed at NJIT, York Center using 
Skyscan-1275, manufactured by Bruker. By cutting the shale sample into 1cm×1cm×1cm, 
a resolution of 2 μm can be reached to detect the micropore swelling due to shale softening. 
This would allow shale samples to be scanned at a higher resolution at the expense 
of sample volume. Scanning resolution ranged from 2-10 microns per voxel. Table 3.5 
shows the scan settings for higher resolution images. The same sample was scanned using 
the same setup before and after the softening test, and series of image analyses were 
performed to quantify the change during the clay swelling. However, before the accurate 
images were required, series of data adjustments must be done, including reconstruction of 
the raw images, the volume of interest selection, artificial effect, and greyscale selection.  
 
Table 3.9  Scanning Settings for High-resolution Images. 
Exposure time (ms) 276 
Rotation step (deg) 0.4 
X-ray Voltage (KV) 100 
X-ray current (uA) 65 
 
3.61 Scanning Parameters  
To compare the results before and after the C.T. scanning, the exact position of scanning 
must be maintained by using the same copper rod of 6mm, as shown in Figure 3.21. Most 
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importantly, the same Z position (height of scanning) must be ensured by adjusting the 
scanning parameters.   
 
Figure 3.21  Ensure the same copper rod and the same height of scanning. 
 
3.62 Volume of Interest Selection  
To control imaging accuracy, the total digital volume to be analyzed was normalized across 
each sample. Due to the variability of noise and other C.T. scanner parameters such as ring 
artifacts reduction and beam-hardening correction, the entire sample volume cannot be 
used for image analysis. To compare the C.T. images, the same data set has to be 
determined before any quantification analysis. Therefore, the volume of interest must be 
the same before and after the test. In terms of images, the same total number of images and 





Table 3.10  Volume of Interest Selection of Sample after Softening 
C.T. Analyzer Version: 1.17.7.2 
Dataset name Sample after softening test 
File postfix length 8  
File type TIF  
Data window 0 65535 
Image size (W/H) 1944 1944 






Number of images 
inside VOI 
583  
Z-position range of 
VOI 
615 1197 
Z spacing 1  













Table 3.11  Volume of Interest Selection of Sample before the Test 
C.T. Analyzer Version: 1.17.7.2 
Dataset name Before test 
File postfix length 8  
File type TIF  
Data window 0 65535 
Image size (W/H) 1944 1944 






Number of images 
inside VOI 
583  
Z-position range of 
VOI 
633 1215 
Z spacing 1  
Pixel size (um) 10.0001  
 
Based on the bottom layer of the measurement, as shown in Figure 3.22, the right 





Figure 3.22  Bottom of the volume of interest. 
 
3.63 Reconstruction of Raw Images  
After finishing the scanning, the raw images from micro-CT vary in quality, and they must 
always be post-processed using Nrecon reconstruction software (provided by Bruker). In 
this study, the post-processing steps followed the same procedures for all samples. The 
processing parameters of the raw images are shown in Table 3.8. Therefore, using 
macropores present in the raw data, the actual macropore size distribution can be analyzed 
based on the filtered images. The raw images of Haynesville shale and the reconstructed 







Table 3.12  Parameters for Reconstruction 
Smoothing Degree of 2 
Misalignment compensation 2.5 
Ring artifacts reduction 9 
Beam hardening correction 54% 
 
 
Figure 3.23 Raw images and after reconstruction. 
 
3.64 Binarization 
To do quantification analysis of reconstructions images before and after softening shale 
sample, the binarization processing must be done correctly. It is essential to select the 
threshold range based on the histogram of each of the images, as shown in Figure 3.24. 
The prominent peak must be fully covered to get the full spectrum of the greyscale. In this 




Figure 3.24 Greyscale of reconstruction image. 
 
3.65 Image Comparisons  
Firstly, identification of the same sets of image layers must be made. Then bottom and top 
layers were chosen to clarify the volume of interest before the binarization of C.T. scanning.  
Figure 3.25 shows the comparisons between the top and bottom layers for original shale 
and treated shale samples.  
3.66 2D Analysis 
The advanced C.T. analyzer is a powerful tool for quantifying essential parameters for the 
image’s analysis. For example, by comparing some critical parameters, including Total 
VOI volume, objects per slice, closed porosity, one can tell how shale properties are 
changing and how shale softening will affect the shale structures. Also, the specific and 
exact position of the layer can be drawn out and compared using 2D analysis.  
In combination with 3D image analysis, X-micro-tomography is a powerful method 
for analyzing particle size. 2D Particle Analysis is the most versatile way of collecting 
quantitative information on particle size, form, and arrangement. Furthermore, the analysis 
of 2D images may lead to important properties. For example, for uniformly shaped particles, 
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it is possible to calculate the recorded 2D apparent size distribution into a genuine 
stereological distribution (model-based assumptions are often required). In addition, 2D 
processes are less computational and can handle larger datasets. 
 
 
Figure 3.25  The featured images of shale softening comparison. (Left side: original, right 




Now, the identical layers were chosen and analyzed for Eagle Ford shale. The following 
tables are presents to show the structural parameters based on 2D analysis. 
Table 3.13  Eagle Ford Parameters Summary of 2D Analysis after Softening. 
Summary 2D data After swelling   








Percent object volume Obj.V/TV 96.21985 % 




Object surface Obj.S 642388622 um^2 




Mean total cross-sectional ROI area T.Ar 70773708 um^2 














Mean number of objects per slice Obj.N 2.44082  




Average object area-equivalent circle 
diameter per slice 
Av.Obj.ECDa 6793.48438 um 
Mean eccentricity Ecc 0.66808  
Closed porosity (percent) Po(cl) 0.77932 % 
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The advantages of 2D analysis are that every layer can be calculated based on the 
binarization graph, but this 2D graph also limits the porosity analysis. In addition, since 
only closed pores can be detected during the analysis, these results cannot yield accurate 
information because large spatial pores in the shale formation are open in 3D but closed in 
2D. So, the closed porosity in the 2D analysis is smaller than that in actual formation.  
The Mean total cross-sectional ROI area is based on every slice of the sample, and the 
result shows that the closed porosity is 1.44644% before softening and 0.77932% after 
swelling, indicating the shale has swelled.  
Table 3.14  Eagle Ford Parameters Summary of 2D Analysis before Softening. 
Summary 2D data Before swelling   










Percent object volume Obj.V/TV 95.92287 % 
Total VOI surface T.S. 3.5E+08 
um^
2 
Object surface Obj.S 9.3E+08 
um^
2 





Mean total cross-sectional ROI 
perimeter 
T.Pm 35830.76 um 





Mean total cross sectional object 
perimeter 
Obj.Pm 98334.81 um 
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Mean number of objects per slice Obj.N 3.64666  





Average object area-equivalent circle 
diameter per slice 
Av.Obj.ECDa 5505.211 um 
Mean eccentricity Ecc 0.66992  
Closed porosity (percent) Po(cl) 1.44644 % 
 
3.67 3D Analysis  
The 3D analysis is based on rendering the VOI and structural parameters of 3D analysis to 
provide more accurate information. After handling the dataset and performing a series of 
advanced image smoothing, the summarized results of the structural parameters can be 











Table 3.15 Eagle Ford 3D parameters of shale after softening 
Total VOI volume TV 4.06709E+11 um^3 
Object volume Obj.V 3.91315E+11 um^3 
Percent object volume Obj.V/TV 96.21496 % 
Total VOI surface TS 351329823.7 um^2 
Object surface Obj.S 571434863.7 um^2 
Number of objects Obj.N 65  
Number of closed pores Po.N(cl) 18258  
The volume of closed pores Po. V(cl) 2910515231 um^3 
Surface of closed pores Po.S(cl) 197579826.9 um^2 
Closed porosity (percent) Po(cl) 0.73829 % 
The volume of open pore space Po. V(op) 12483585579 um^3 
Open porosity (percent) Po(op) 3.06941 % 
The total volume of pore space Po. V(tot) 15394100810 um^3 
Total porosity (percent) Po(tot) 3.78504 % 
Connectivity Conn 886  
Degree of anisotropy DA 1.33312 (0.24988)  
 
Also, the pore size distribution based on the 3D analysis can be drawn out as 
summarized in table 3.12 for shale after swelling.  
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Finally, the pore size distribution can be summarized using the information of the 3D 
analysis. Based on the volume percentage, the range of micro pores of shale after softening 
can be seen in Figure 3.26. The same procedures were applied to the shale data before 
softening to get the 2D and 3D results.  
Table 3.16  Eagle Ford Pore Size Distribution after Shale Swelling 




UM um um^3 % 
10.00 - <30.00 20 839374181 5.4191 
30.00 - <50.00 40 1510584317 9.7525 
50.00 - <70.00 60 1100448013 7.1046 
70.00 - <90.00 80 790795723.6 5.1055 
90.00 - <110.00 100 474548236.3 3.0637 
110.00 - <130.00 120 507989239.5 3.2796 
130.00 - <150.00 140 919125573.5 5.934 
150.00 - <170.00 160 1020556616 6.5888 
170.00 - <190.00 180 838838164.9 5.4156 
190.00 - <210.00 200 832415972.2 5.3742 
210.00 - <230.00 220 834065021.7 5.3848 
230.00 - <250.00 240 659209776.1 4.2559 
250.00 - <270.00 260 571630148.7 3.6905 
270.00 - <290.00 280 580277408.1 3.7463 
290.00 - <310.00 300 519734591.9 3.3555 
310.00 - <330.00 320 586195585.7 3.7845 
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330.00 - <350.00 340 705450163.3 4.5545 
350.00 - <370.00 360 510032300.8 3.2928 
370.00 - <390.00 380 415439463.1 2.6821 
390.00 - <410.00 400 264506935.1 1.7077 
410.00 - <430.00 420 246223386.6 1.5896 
430.00 - <450.00 440 220298608.9 1.4223 
450.00 - <470.00 460 302303069 1.9517 
470.00 - <490.00 480 239142174.2 1.5439 
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Table 3. 17 Eagle Ford 3D Parameters of Shale before Softening. 
 
Total VOI volume TV 4.04E+11 um^3 
Object volume Obj.V 3.88E+11 um^3 
Percent object volume Obj.V/TV 95.91323 % 
Total VOI surface T.S. 3.48E+08 um^2 
Object surface Obj.S 8.03E+08 um^2 
Intersection surface i.S 1.94E+08 um^2 
Number of objects Obj.N 101 
 
Number of closed pores Po.N(cl) 24491 
 
Volume of closed pores Po.V(cl) 3.02E+09 um^3 
Surface of closed pores Po.S(cl) 2.76E+08 um^2 
Closed porosity (percent) Po(cl) 0.77364 % 
Volume of open pore space Po.V(op) 1.35E+10 um^3 
Open porosity (percent) Po(op) 3.33896 % 
Total volume of pore space Po.V(tot) 1.65E+10 um^3 
Total porosity (percent) Po(tot) 4.08677 % 
Connectivity Conn 3940 
 
Connectivity density Conn.Dn 0.00001 1/um^3 
Degree of anisotropy DA 1.38592 (0.27846) 
 
Pore size distribution of softened shale can be drawn out using the 3D C.T. scanning, 




Table 3.18  Pore Size Distribution before Eagle Ford Shale Swelling 





UM um um^3 % 
10.00 - <30.00 20 1.22E+09 7.3063 
30.00 - <50.00 40 2.51E+09 15.0209 
50.00 - <70.00 60 1.75E+09 10.4579 
70.00 - <90.00 80 1.63E+09 9.733 
90.00 - <110.00 100 1.54E+09 9.1902 
110.00 - <130.00 120 1.39E+09 8.3273 
130.00 - <150.00 140 1.54E+09 9.2079 
150.00 - <170.00 160 1.3E+09 7.7542 
170.00 - <190.00 180 1.11E+09 6.6383 
190.00 - <210.00 200 9.17E+08 5.4896 
210.00 - <230.00 220 6.35E+08 3.8024 
230.00 - <250.00 240 4.41E+08 2.6393 
250.00 - <270.00 260 2.54E+08 1.5179 
270.00 - <290.00 280 1.91E+08 1.1453 
290.00 - <310.00 300 1.12E+08 0.6699 
310.00 - <330.00 320 48310449 0.2891 
330.00 - <350.00 340 38832165 0.2324 
350.00 - <370.00 360 35345060 0.2115 
370.00 - <390.00 380 20765623 0.1243 




Figure 3.27  Eagle Ford Pore size distribution before softening based on 3D analysis. 
 
Based on the two-pore size distributions of the same sample, the original and treated 
sample peaks can be compared.  
 

























Pore size range (μm)


















































































































































































































































































































Based on the comparison, the reduction in the volume of pores ranging from 10μm to 
300 μm is obvious after the shale softened. The results indicate that pores of shale within 
the micron range are under the great influence of softening. This softening mechanism will 
impact the structural parameters, including the number of objects and the number of closed 
pores. The number of closed pores decreased dramatically from 24491 to 18258. The 
volume of closed pores and the surface of closed pores declined by 3.1% and 28%, 
respectively. Also, closed porosity and open porosity decreased by 4.5% and 8%.  The total 
porosity of the original sample was 4.088%, and the softened sample porosity was 3.78%. 
In conclusion, the C.T. image amylases yield good results when dealing with swelling 
and softening of the micro pore. Thus, the results are a good match to those reported in the 
literature reports, but additional tests should be conducted before firm conclusions. 
 
3.7 Discussion of Test Results 
After two series of four diverse shale softening and treatment tests, several observations 
were made to describe the features of the clay-porosity correlations.  The isothermal 
diagrams modification between initial and treatment can be inferred. Eagle Ford shale 
contains many I/S layers, contributing to significant swelling of 1.1%. Longmaxi, 
Haynesville, and Opalinus shale have the same isotherm pattern Type IV, and eagle Ford 
shale exhibited Type III pattern. The PSD of these four shales was also carried out after 
treatment; peak changes can be used to calculate the porosity changes. 
The clay minerals are essential components that can store oil and natural gas in the 
source and reservoir rocks. The presence of clay minerals can also strongly affect shale's 
unconventional physical and chemical properties [87]. Regionally, clay minerals can 
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explain basin evolution, such as structure, sedimentation, burial, and cementation history, 
etc. Also, clay minerals in gas-bearing rocks are an essential component to evaluate the 
quality of hydrocarbon generation, discharge, and migration.  
Their presence has an important impact on reservoir properties (such as porosity and 
permeability). Geologists use clay mineral information to determine the buried diagenesis 
process and reveal pore types and pore evolution. The clay content is generally considered 
detrimental to the gas extraction from the reservoir because it can reduce or block pore 
throats after hydraulic fracturing due to the retained injection fluid. During diagenesis, 
sediment porosity is substantially reduced for sediments with high clay contents but forms 
micro and nanopores and prevents cementation of quartz covered with chlorite. Therefore, 
it is natural to associate reducing the porosity of gas-bearing shale with high clay contents 
after hydraulic fracturing [88]. When clay minerals become unstable and react with 
injection fluids to transform into more stable minerals, these will precipitate on the surface 
of the matrix particles and expand the shale skeleton[89]. These stable clay minerals can 
block pores, reduce the connectivity between the pores, and increase the flow 
resistance[90]. Water-based fracturing fluid can significantly reduce the porosity and 
permeability of the reservoir through the swelling of clay minerals. As demonstrated in this 
research, the pore throats of high clay content shale gradually swell or block under the 
influence of high temperature and pressure, reducing the shale gas production with time 





3.8 Summary and Conclusions 
Four shale samples with different mineral compositions were used to study the influence 
of initial shale mineralogy on change in pore structure evolution during hydraulic 
fracturing. Using XRD, low-temperature N2 adsorption, Mirco-CT scanning, and porosity 
measurements, the changes in the mineral composition and pore structure of four shale 
samples were measured. The conclusions of this study are summarized as follows:  
(1) In the clay-rich Opalinus shale (clay content of 65.7%), the clay softened after 
immersed in DI water at high temperature and pressure. The expansion of illite in 
Opalinus shale caused swelling of nanopores and led to a significant decrease in total 
pore volume (shale porosity decreased from 7.8% to 3.8%).  
 
(2) In the clay-poor Eagle Ford shale (clay content of 5.6%), the clay is cemented with 
other non-water reaction minerals. The cementation of clay may occur at a slow rate, 
which the standard softening experiment cannot detect. However, the cementation of 
clay blocked the majority of the pore throats. As a result, the porosity of the shale 
matrix reduced from 1.06% to 0.52%.  
 
(3) The change in shale porosity with different mineral compositions during hydraulic 
fracturing may be related to the clay content of shale. Shales with low clay content 
have a low softening capacity, resulting in lower porosity loss during treatment. 
However, clay-rich shales have a high softening capacity. The test results show that 
during hydraulic fracturing, the initial mineral composition of the shale may affect the 
pore structure. Hence, the fracturing fluid should be adjusted according to the shale 
mineralogy to avoid damage to the intact shale.  
 
(4) The knowledge of the structural parameters of shale can help identify shale softening 
stages.  
 
(5) A linear relationship between clay content and porosity reduction indicated that clay-
rich shale would be water damaged and perform worst during hydraulic fracturing. 
Therefore, softening mostly impacts the clay-rich shale and, in this study: the Opalins 
shale.  
 
(6) Micro-CT image analysis proved to be an efficient way to detect micro-sized porosity 
changes during hydraulic fracturing. Both 2D and 3D images were obtained and 
compared to show that number of pores reduced after the fracturing process, indicating 





THE PORE NETWORK THEORY AND MODEL  
 
4.1 Introduction 
To predict the permeability of virgin and treated shale and quantify the reduction of shale 
permeability due to shale softening, the pore network model for the single-phase flow 
model proposed by Zhang et al. [41] was modified. In this chapter, the theory and require 
model parameters are first discussed. Next, the estimation of nano-scale flow rates is 
discussed, and then the modification to the model proposed by Zhang et al. [41] is described. 
Finally, the construction methodology and comparison between treated shale and virgin 
shale are presented.  
The morphology of porous media plays a crucial role in determining the flow 
properties. The morphology of a porous medium is determined by its geometrical 
properties (the shape and volume of its pores) and its topological properties, i.e., how the 
pores are connected. It is not easy to obtain detailed information about these properties [92]. 
The pore morphology of natural porous media is quite complex, and measurement of such 
in natural porous media is another difficulty. Therefore, many simplifications of the pore 
morphology are employed in pore network models. For example, pore throats are often 
assumed to be straight tubes or simple constricted tubes with a regular cross-sectional shape 
[93], as shown in Figure 4-1. The pore network model attempts to describe the multiphase 
flow properties of porous media using realistic geologic parameters that are further 
simplified without significantly deviating from the average. Hence, by applying 
appropriate boundary conditions and governing equations, the pore network can simulate 
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various physical and chemical processes, including phase exchange, non-Newtonian 
displacement, non-Darcy flow, reactive transport, and thermodynamically consistent 
mixture flow [94]. 
 
Figure 4.1  Illustration for Pore body and pore throat. 
 
The pore network model is a tool to understand and predict the permeability of the 
porous media and, in this research, the gas-bearing shale. Specific parameters that describe 
the characteristics of the pore structure of geo-materials are porosity, pore size distribution, 
pore throat size distribution, and coordination number. Zhang et al. [41] reviewed the 
previous research on gas percolation in porous media and proposed a theoretical 3D gas 
simulation model. This 3D pore-network model can consider the connectivity and porosity 
of different geo-materials. In this research, the kinetic gas flow theory for different gas flow 
regimes is used in the pore network model. As described previously, the most critical aspect 
of characterizing the porous medium is identifying the geometrical and topological 
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4.2 Equivalent Pore Network  
The equivalent pore network model represents the structural information of the geological 
media, including porosity, pore size distribution, pore throat size distribution, and 
distribution of coordination number. After obtaining the pore structure information of a 
geological media, based on the pore size distribution, the total pore volume in the sample 
can be constructed. The pore spacing in the pore network, i.e., the length of the coordination 
bond, is then calculated based on the measured porosity and the total pore volume. The 
calculated pore spacing determines the spatial coordinates of each pore. The initial pore 
coordination is set up according to the representative units of pore connectivity [95], as 
shown in Figure 4-2, where each pore is connected to the adjacent pore through 26 
coordination bonds. The topology number of the node is set from bottom to top and front 
to side. N is the center point pore node number, and the number of layers in the X, Y, and 
Z direction pore structure models are Ni, Nj, and Nk, respectively, Njk = Nj × Nk. Hence, a 
fully connected pore network with 26 coordination bonds per pore can be established. The 
cubic pore network model has six boundary surfaces, and special processing is needed at 
the boundary surface. The coordination bonds at the boundary surface pointing to the 
outside of the model are eliminated. Considering seepage in the actual geotechnical 
medium, there is no plane flow at the boundary surface due to the pressure gradient to the 
outside. Therefore, the model is modified to reject the coordination bonds between the 
pores at the entry and exit boundaries. Also, isolated pores present during such construction 




Figure 4.2  Representative units of pore connectivity. 
 
After the pore network is established, it is necessary to include a function to search the 
main skeleton of pores contributing to the fluid flow and eliminate the isolated pores and 
pore throats [96]. The main geometric and topological parameters that can be considered 
in the network include the total number of pores in the network, average pore size, 
maximum and minimum pore size, pore spacing, and average coordination number. All 
these parameters can be obtained as described in chapter 3. As stated before, the pore size 
distribution and throat size distribution with the connectivity define the pore morphology 
of porous media. Hence, using these parameters, one can develop a pore network to 
represent the basic morphology of the pores. 
 
4.3 Parameters of the Proposed Pore Network and Their Relationship 
A method for creating an equivalent pore network model with variable coordination 
numbers that can accommodate different pore-sizes, pore-throats, pore connections, and 
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porosities, with a variable coordination number, is developed with the mathematical 
method of describing the pore network of shale in combination with data from the actual 
pore structure.  
Via a regular three-dimensional lattice of pores connected by throats, the network 
model represents the void space of the rock. Each pore throat pore or pore body is presumed 
as cylindrical and spherical, respectively, in a regularly spaced grid [97,98]. This 
assumption is the primary basis for developing a predictive model to characterize the 
porous network of actual geomaterials [99]. This model simplifies the complex seepage 
channels (pores, throats) geomaterials into regular geometric shapes, such as spheres, 
cylinders, etc., and arranges them regularly in a lattice grid.  
To construct the equivalent pore network as described above, the following six key 
model parameters are required: 
1. Pore body radius (Rp) and its distribution: The pore body radius represents the size of 
the pores that are large cavities throughout the geological media. 
 
2. Pore throat radius (Rth) and its distribution: The pore throat radius represents the size 
of the seepage channel between the pore bodies. Since any migration of fluid between 
the pore bodies must flow through pore throats, the pore throat size directly affects the 
seepage characteristics of the entire geological media 
 
3. Coordination number (ζ) and its distribution: The pore coordination number represents 
the connectivity between pore bodies. For a geological media with high permeability, 
such as sand, one pore may be connected to multiple surrounding pores, and hence the 
coordination number is high (>6). For a geological media with low permeability, such 
as shale, the pore coordination number is relatively small (<4). 
 
4. Porosity (n): The porosity represents the proportion of the void in the geological media. 
Here, the voids include pore bodies and pore throats, including dead pore bodies and 
corresponding pore throats. 
 
5. Characteristic length (L): L is a concept introduced in an equivalent pore network 
representing the mesh length, which is the distance between adjacent pore bodies. L 




6. Anisotropy parameter: Due to the different depositional factors of geo-materials, their 
hydraulic properties in different directions are different, which results in anisotropic 
permeability. The anisotropic parameter attempts to capture this hydraulic anisotropy. 
The porosity is the ratio of the void volume to the total volume in the geological media. 
Here, the void volume includes the pore volume and the throat volume. Therefore, 








The pore throat is assumed as a cylinder in the model, so its throat radius and throat 
length determine its volume. It should be noted that the length of the throat should be the 





× 𝜋 × 𝑟th
2 × (𝐿 − 2𝑅p) (4.2) 
Where ζ is the coordination number, Rth is the throat radius, and L is the unit size. 












− 𝑅p) × )/𝐿
3
 (4.3) 
The relationship between porosity, pore radius, throat radius, pore coordination 
number, and unit length is established from the above formula based on Figure 4.3. Among 
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the five parameters, the pore size Rp, the throat size Rth, the pore coordination number ζ, 
and the porosity n can be obtained directly from the experiments. Therefore, with the above 
parameters, one can construct the equivalent pore network. 
 
Figure 4.3  Pore connection in the pore network model 
 
4.4 Nano Flow Simulation  
The seepage rate can be calculated once the effective pore network is established . The most 
frequently used method is the iteration of flow calculations with appropriate boundary and 
initial conditions. For each iteration step, all the interconnected pores will be traversed to 
calculate the gas transport until the pressure distribution becomes stable. Following the 
typical gas permeability test, the model could be set as a constant pressure boundary on 
opposite sides and a no-flow boundary on other sides.  
The relationship between the flow flux and permeability can be derived based on 
Equation (4.4) [100], where Pi and Po represent the inlet and outlet pressure separately, QO 







Due to the size of flow channels of the seepage, the flow would be mainly 
dominated by slip flow and diffusion flow rather than Darcy flow when the pore size is 
considerably small. Knudsen number is used to evaluate different flow regimes, which is 
the ratio of mean free path of gas to pore channel size as shown in Equation (4.5), where λ 
is the mean free path of a specific type of gas molecule. Shown in Figure 4.4 and r is the 






Figure 4.4  Demonstration of Knudsen number: mean free path of gas ( ) and pore 
channel diameter (d). 
 
The variation of the Knudsen number varies during the dynamic gas flow, which will 
result in the change of flow regimes. Therefore, slip and transition flow are the typical gas 
flow in the shale matrix [102]. Therefore, the slippage impact and Knudsen diffusion in the 
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theoretical model must be combined using slippage theory and diffusion theory [103]. 
Considering the different flow regimes, Zhang et al. [41] proposed the following 




= (1 + 4𝐾𝑛) ∙ 𝑓 +
64
3𝜋
𝐾𝑛 ∙ (1 − 𝑓) (4.6) 
Where kapp is the apparent permeability, k0 is the Darcy permeability, f is the 
coefficient of tube wall roughness. 
For the slippage flow in the network, gas molecules slip along the wall, and a slippage 
correction factor (F) was introduced to account for this effect, as shown in Equation (4.7):  
 





Where c is a collision factor of 1 in this case, 𝜆 is the mean free path of gas, r is the 
pore channel size. 
The transportation of gas is a dynamic process, and each pore needs to satisfy the law 
of conservation of mass. Taking pore i as a reference, pore i is connected to the surrounding 
four pores (Figure. 4.5). In the figure, s and e respectively represent the starting and ending 
pores of the pores connected to pore i. At each time step, the pressure in the throat is equal 
to the average pressure of pores linked in each step. From k to k+1 time step, the mass 
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change of the pore i is equal to the sum of mass flow rates of all neighboring linked pores. 
(Equation 4.8) 
 





























Where m is the mass of gas, M is the molar mass of gas molecules, R is ideal gas state 
constant, μ𝑔 is gas (non-wetting phase) dynamic viscosity coefficient, F is the slippage 
correction factor, and T is the temperature. 














































  (4.10) 
Equation (4.10) shows the dynamic pore pressure iterative process. Equation 
(4.10)account for the conservation mass for the entire pore network by applying different 
pressure to both inlet and outlet until there is a minimum pressure change in the pore 
network matrix (stable condition). During shale gas production, the outlet is in the 
atmosphere (0.1 MPa). Other side boundaries are no flow. When calculating, each 
connected pore will contribute to the conservation of the mass equation. When the time 
step is determined, the conservation of mass of each pore will be obtained for stable results. 
When the model is stable, the maximum pressure difference is less than the tolerance, 
defined as err=Poutlet /104, which is one to ten-thousandth of the boundary pressure below. 




Figure 4.6  Calculation flow chart.  
 
4.5 Construction of Pore Networks for Virgin and Treated Shale 
The gas flow through the shale is directly linked to the geometry of the structural 
parameters required for the pore network. The pore network is a simplistic representation 
of the complicated pore geometry, which would enable the calculation of gas flow. 
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Therefore, by measuring the morphology of shale, it is possible to construct a realistic pore 
network and predict permeability. 
The pore size distributions, pore throat, and coordination number within the pore 
network play a significant role in the hydraulic properties of shale. A pore network with 
such geometries is typically constructed with a network of comparatively large pore bodies 
linked to throats. 
The pore network as a predictive instrument for permeability is a relatively new 
concept. The critical point here is how to build such a pore network with the geometric 
parameters of shale. The primary strategy is to obtain the pore morphology or geometric 
features directly using the methodologies outlined in Chapter 3. A comprehensive method 
will be described in this Chapter on how to construct a representative pore network using 
morphological parameters of both virgin and treated shale.  
 
4.51 Quantification of Pore Structural Parameters 
The following methods are used for the quantification of pore structural parameters and 
simple measurement of pore-size distribution. This research focuses on quantifying 
topological characteristics and incorporating such information into a pore network for both 
virgin and treated shale. To describe the complex shale pore system, several measuring 
techniques are required to characterize the surface area and distribution of pore size (BET, 
MIP), distribution of pore throat (SEM, CT), and total porosity (MIP). 
The MIP is the standard technique used to determine pore size distribution in media 
varying in size from a micron to a nano-scale. The MIP test measures the amount of 
chemicals injected under pressure leading to a porosity measurement [104]. The porosity 
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is the main parameter impacting the permeability. For every shale sample, porosity will be 
measured. 
Finney [105] proposed a calculation method for the spatial coordinate information of 
spherical particles in a random stacked spherical particle model. The spatial coordinates 
determined the geometrical information of the spherical particles and pores in the body. 
This has become a standard computer algorithm for randomly packed spherical particles. 
Bryant et al. [106] used the splitting method mentioned above to capture the pore structure 
according to the spherical particle packing model. The pore structure model can reflect 
irregular shapes of pore throats and the pore bodies. Bryant et al. [106] verified this by 
comparing the permeability with the measured results. Gao et al. [96] performed the 
microscopic seepage calculation by constructing the pore structure of sand. Gao et al. [96] 
included curved pore throats between pores. The mathematical function describing the 
curve between pore throats satisfies the Betis influence line, which is widely used in 
structural engineering, as shown in Figure 4.6. Several geological media of different 





Figure 4.7  A: The influence lines as a function of coordination number. B: The outline of 
the bond connecting two-pore bodies.  
Source: [107]. 
 
The three-dimensional reconstruction of the pore structure mainly relies on imaging 
technology to obtain its two-dimensional scanning slice and then extracts the pore structure 
based on the image. Wu et al. [108] obtained three-dimensional images of rock samples by 
scanning slices and then used the three-dimensional grid method, which considers spatial 
structure information (derived from 2D or 3D sample data, specifically thin-section data in 
the x, y, and z planes) identifying all the transition probabilities between the media's voids 
for a given local lattice [109]. Then the pore structure of rock samples was constructed by 






Figure 4.8  Reconstruction based on different shale slices.  
Source: [108]. 
 
For the micro-nano pore-scale shale matrix, the pores in the two-dimensional scanning 
section are mostly isolated. Therefore, the connectivity of the pores in the actual shale 
matrix cannot be determined. Curtis et al. [110] performed SEM on nine typical shale 
samples as shown in Figure 4.9 to obtain two-dimensional slices of nano-scale pores and 
then reconstruction of three-dimensional pore structure of shale with low connectivity. Ma 
et al. [111] performed two-dimensional scanning electron microscopy imaging of shale 
samples, followed by three-dimensional reconstruction of three-dimensional scanning 
slices (Figure 4.10) and gas flow calculation analysis based on the extracted pore structure. 
Vega et al. [112] used X-ray imaging techniques to study the pore structure of Barnett, 
Eagle Ford, and Haynesville shale and obtained the porosity distribution of shale samples 









Figure 4.10  SEM scanning slices and binary images 




Figure 4.11  Three-dimensional porosity map reconstruction obtained for six additional 
Haynesville samples.  
Source: [112]. 
 
The equivalent pore network model is a simple pore network based on the statistical 
results of the physical properties of geo-materials. It establishes pore structures that reflect 
its pore distribution and connectivity. The equivalent pore network model was first 
proposed by Fatt [37], where, based on the capillary model, a two-dimensional network 
model was proposed. Combined with the spherical particle accumulation model to reflect 
pore connectivity, a two-dimensional pore network that is a regular square network was 
proposed. Although the equivalent 3D pore network has more simplifications on the actual 
morphological structure of pores, it can better reflect the actual flow characteristics. The 
sample permeability calculated by the equivalent pore network model is basically of the 
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same order of magnitude as the actual measurements [113]. Now the equivalent pore 
network is ready to be constructed using the corresponding morphology represented by 
statistical pore parameters of shale. Figure 4.13 shows a flow chart of the proposed 
construction method of equivalent pore network of virgin and treated shale. The main steps 
are listed below: 
1) The pore radius distribution is first generated and assigned to nodes and 
connections of a regular lattice, as shown in Fig 4-12. Figure 4-12 shows a 3x3x3 
node lattice, but the size can be changed to match the desired accuracy. 
2) The pore connection is generated. Randomly assign a target coordination number 
to each pore in the network for all phases. Inter-pore connections are randomly 
generated between adjacent pores using Equation (4-11). 
3) If the throat size is directly specified, the unit size is solved using Equation (4-3); 
if the throat size is not specified, the test algorithm is used, and the unit sizes are 
solved by combining Equation (4-2) and Equation (4-3). 
4) Eliminate isolated and dead-end pores in the network. 
 
 
Figure 4.12 Regular lattices of the pore network. 
 
4.52 Pore Size Distributions for Virgin and Treated Shale 
The shale matrix is predominantly composed of pore throats (pores less than 2 nm diameter) 
and pore bodies (pores with 2-50 nm diameter). The shale matrix has both clay and 
carbonate minerals. Due to softening, two opposing observations are found: clay swelling 
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and carbonate dissolution. This should be appropriately accounted for in the constructed 
pore network of treated shale.  
The pore-size distribution (PSD) is an essential aspect of a porous medium and affects 
most physical behaviors of porous media. Shales have a more complex pore structure than 
conventional reservoir rocks like sandstones and limestones. The most distinctive 
characteristic of shales is their multi-scale fabric linked to the microstructure of clay 
minerals. In shales, these clay aggregates form a locally aligned matrix with varying 
orientations, depending upon the depositional and stress history of the shale [114–116]. 
Hence, clay swelling would decrease the peaks of the pore size distribution for both pore 
throat and pore bodies. However, the acidity of fracturing fluid will dissolve carbonates in 
shale, creating many more macro-pores, which will shift the pore size distribution up due 
to the enlargement of pore throats and pore bodies.  
Figure.4.13 shows the virgin pore size distribution. The conceptually expected pore 
size distributions after clay-swelling and acid-dissolution will be shown in Figure 4.14 and 
Figure.4.15, respectively. From the pore size distribution of the virgin sample, two peaks 
can be observed within the range of 0.3-160nm. The first peak shows the pore throats, and 




Figure 4.13  Pore size distribution of virgin shale sample of Longmaxi Shale[117]. 
 
 













































Peaks changes due to clay swelling
Virgin shale
clay-swelling shale
Reduction of pore body peak
Reduction of pore throat peak
 
92 
Figure 4.14 shows the conceptually expected PSD due to clay-swelling in shale after 
softening. The damage to the water-sensitive structure depends on the type of clay minerals, 
the distribution of clay minerals within the pore space, and the chemistry of the fracturing 
fluids. At the pore scale, clay-water interactions such as clay swelling will decrease pore 
throat and pore body volumes [118].On the contrary, the use of mild acid in the fracturing 
fluid can increase shale permeability. Mild acids will selectively dissolve carbonate 
minerals forming channels, which will create new pathways of the shale surface and even 
penetrate through to the bedding planes. Hence the well productivity will continue to 
benefit from the fluid pathways provided by the acid-carbonate reaction even after fracture 
closure. The clay-rich shale contains clay up to 60% of the total volume. Hence, such clays 
with carbonate dissolution and clay swelling will change the pore throat and pore body 
volume, as shown in Figure 4-16. Based on the treated shale PSD, pore throat and pore 
body size were determined, and the equivalent pore networks for both virgin and treated 
shale were constructed. Then the impact of fracturing fluid on shale was quantified in 
Chapter 5 by predicting the permeability of virgin and treated shale using the equivalent 




Figure 4. 15 Change in peaks due to acid-carbonate reaction in Longmaxi Shale. 
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4.6 Prediction of Permeability of Virgin and Treated Shale 
Both the clay-swelling and carbonate-dissolution can be quantified based on PSDs. Hence 
the modeling parameters, porosity, pore size distribution, pore throat distribution, and 
coordination number can be determined. Based on the description in Chapter 3, once the 
pore networks were established for virgin and treated shale, the shale gas permeability can 
be predicted. 
An important constraint in the calculation of the pore network is the network size. A 
smaller network can significantly improve the calculation efficiency, but the repeatability 
of calculations and stability becomes poor. If the network is too large, the stability of the 
calculations and the reliability of the model are high, but the calculation efficiency is low. 
Therefore, the determination of representative network size is the key to the application of 
the pore network.  
The traditional pore network generally uses a grid size of 10×10×10, but such model 
size is only suitable for the cubic pore network model with a fixed coordination number. 
Gao et al. [96] used a computational model of 12×12×12, 15×15×15, and 20×20×20 to 
calculate the two-phase flow stability of the isotropic equivalent pore network. The results 
showed that the distribution of saturation and the calculation of relative permeability were 
consistent when the size of the equivalent pore model was 20×20×20. 
To reflect the pore connectivity of different geological media, the coordination number 
in this research is not a fixed value. Still, it has a specific distribution, which makes the 
pore model produce isolated pores. Hence, such isolated pores need to be eliminated in the 




4.61 Permeability of Virgin Shale 
Shale is a very dense, minimally connected geo-media [119,120]. The typical permeability 
of the shale matrix is 10-18 to 10-21 m2 [121]. The pore size of the shale matrix is mainly 
distributed between several nm and several hundred nm, and the pore throat size is 
generally within 10 nm [41]. In addition, shale has significant anisotropy, as described 
before. Hence, ax: ay: az will be determined for the shale network to incorporate anisotropy. 
The pore size and pore throat distributions for virgin shale have two peaks shown in 
Figure 4.17. 
 
Figure 4.17  PSD for virgin shale of Longmaxi Shale.  
Source:[117]. 
 
The pores are voids in the geological media, and various ways can obtain their size 
and distribution in the shale matrix. In this research, the random distribution of pores is 


























all the pores are assigned to the network grid, so the total number of pores can be 
determined according to the model size. For example, a miniature model of 20 × 20 × 20 
has 8000 pores, and the size of each pore is randomly generated based on the PSD, which 
obeys the normal distribution in the MATLAB program. Figures 4.18 and 4.19 show that 
the average pore body size is 150nm with a standard deviation of 20, and the average size 
of the pore throat is 16nm with a standard deviation of 2. 
 




Figure 4.19  Fitted normal distribution curve of Longmaxi Shale. 
 
The pore size and pore throat size satisfy the spatial correlation. That is, the size of 
two adjacent pores determines the size of each pore throat. The pore body size distribution 
can be extracted from the second or larger peak of the PSD shown in Figure 4.17 and can 
be fitted with a normal distribution of pores of virgin shale, as shown in Figure 4.19. 
Similarly, the pore throat size distribution can be fitted in a normal distribution of pore 




Figure 4.20  Virgin Pore throat size distribution of Longmaxi Shale. 
 




The porosity of the shale is relatively low, generally lower than 10 %. The porosity of 
the geological media is positively correlated with the connectivity. Hence, with low 
porosity, the average coordination number for the shale matrix is typically 3 [41], whereas 
for well-graded sand is six. 
To study the microscopic gas flow of shale, an equivalent pore network will be 
generated, and the typical network is shown in Figure 4.22. In this model, the X direction 
is the flow direction, where the upstream and downstream are kept at constant pressures. 
The upstream pressure is typically the reservoir pressure, and the downstream pressure is 
usually the atmosphere. The upstream pressure (pinlet) is selected to vary from 4Mpa to 
0.14Mpa to reflect the corresponding reduction in pressure with shale gas extraction. The 
remaining boundaries are zero flux boundaries. The permeability of virgin shale can then 
be calculated based on the parameters as described above and then shown in Figure 4.23. 
 





Figure 4.23  Predicted permeability of virgin shale of Longmaxi shale. 
 
4.62 Permeability of Treated Shale  
The PSD of treated shale can be represented as shown in Figure 4.24. There will be a 
reduction of the magnitude of two peaks of PSD. Therefore, average pore body size and 




Figure 4.24  Peaks change due to softening in Longmaxi Shale. 
 
Based on the PSD shown in Figure 4.24, the pore and throat distribution of treated 
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Figure 4.25  Treated shale pore size distribution of Longmaxi Shale. 
 
 




Based on the above information, an equivalent network for the treated  shale can be 
developed. Both pore size and pore throat distributions are bimodal distributions in 
Longmaxi shale. However, to account for various ranges of pore size distributions for 
different shales, a universal distribution methodology (γdistribution) is used in this 
research. To simplify these bimodal distributions,γdistribution is used in the research 
[122]. The variation permeability of virgin and treated shale for various input pressures 
mimicking the depletion of shale gas in the pore is shown in Figure 4.27. 
 
Figure 4.27  Predicted permeability of treated and virgin Longmaxi shale. 
 
Figure 4.27 shows a significant reduction of permeability at low reservoir pressures of 
0.14Mpa to 1.05Mpa. At the lowest inlet pressures, a 50% reduction in permeability 




























and the apparent permeability will be significantly reduced at that stage due to the shale 
softening. 
4.7 Impact of Shale Softening on Permeability  
Using a pore network and coupling the porosity change measured in this study will provide 
insights into the changing permeability and help to quantify the damage due to shale 
softening. The permeability result is compared in this chapter based on the spatial 
structures and porosity of original and treated shale. Figure 4.28 shows a quarter of the 
20*20*20 network used in the simulation to illustrate the pore bodies connected to pore 
throats where pore bodies are spheres, and the pore throats are cylindrical. Pore throats 
connect the pore bodies. 
Based on several Longmaxi shale pore structure research [117,122]. The initial target 
shale of porosity (1.58%) was reconstructed. Furthermore, reduced porosity will be 
achieved by reducing the pore body and pore throat with a swell ratio of  0.69, as shown in 
Table 4.1.  
 






















20*20*20 4.3 0.66 4 0 
Treated 
(1.06%) 
20*20*20 2.9 0.45 4 0.69 
 
Several assumptions were made for the simulation as follows:  
•  Assumed that the swelling initializes from the first layer of the grid in contact with 
hydraulic fracturing. 
 
•  The pore body and the pore throat swell due to the clay-water reaction, but only 
the throat contributes to the matrix permeability  
 
• As the softening progress gradually, the first layer swells first and then continues 
to the next layer until the entire model is swelled.  
 
To demonstrate the swelling, Figure 4.29 shows an increase in swelling propagation 
through layers from no swell to swelling ratios of 0.35 and 0.69 for the layers in contact 
with hydraulic fracturing liquid, indicating swelling with the progress of fracturing. The 
outlet pressure and inlet pressure are fixed at 100000Pa and 200000Pa, respectively. The 
permeability of the original shale decreased dramatically as the swell ratio decreased. 
Figure 4.29 shows that the softening of shale is the main reason for the loss of permeability 




Figure 4.29  Impact of different swelling ratios on permeability of shale matrix. 
 
It is reasonable to conclude that with the diffusion of moisture into the shale matrix, 
pore sizes in the whole grid decrease, hence the shale permeability. The permeability is 
substantially smaller than the original permeability in the extreme case when all layers 
swelled.  
Four different simulations were performed to demonstrate further the stages of shale 
softening, which are situation 1 (no swelling, original shale), situation 2 (Layer one), 
situation 3 (half of the layers), and situation 4 (Treated shale), as shown in Figure 4.30. 
These stages represent hydraulic fracturing progress in which water seepage from the first 
layers to the entire grid. To understand the change of shale permeability during fracturing 
for different stages, swell ratio and layer number were assigned. 
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This simulation outlet pressure was fixed at 0.1 MPa, and the inlet pressure was 
gradually increased from 0.1MPa to 4MPa. The permeability decreases dramatically after 
half swelling to 0.39 of the initial permeability. In Longmaxi shale, even though the 
porosity reduces only by 0.5% of the original shale, the permeability reduced to 21% of 
the original.  Both swelling layers and swelling ratio are used to indicate the stage of shale 
softening. Permeability changes can be calculated using the swelling pore network model.  
 










The extraction of natural gas from tight shale formations in the USA is one of the landmark 
events of the 21st century[123]. Horizontal drilling combined with hydraulic fracturing has 
allowed the extraction of large amounts of natural gas from low permeability tight shale 
formations previously considered impossible or uneconomical to exploit[124]. According 
to the U.S. Energy Information Administration, as of 2012, shale gas in the United States 
accounts for more than 40% of the total domestic natural gas production. Furthermore, it 
is expected to reach 50% by 2039[125].  
The permeability of shale is a crucial design parameter for gas extraction [126]. Shale 
is a heterogeneous and anisotropic ultra-fine rock with low pore connectivity and extremely 
low intrinsic permeabilities of 10-18 to 10-21 (m2) [127–129]. The permeability test of 
shales using traditional laboratory techniques may not provide realistic values. This has to 
do with the measurement of in-situ permeability of nano-scale pores at high pressures. Core 
samples with stress-free fractures and atmospheric moisture plus Darcy flow interpretation 
for different flow regimes at diffident applied pressures may result in substantial deviation 
from in-situ values. Hence, it is important to understand the shale pore structure and 
develop a predictive tool for gas flow mechanisms using shale reservoir properties and 
shale pore structure. 
At present, the research on pore-scale flow characteristics mainly focuses on typical 
geotechnical media such as sand and sandstone with millimeter or micrometer pores. As 
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geotechnical engineering seepage research gradually expands to rock formations and even 
shales with micro-nano scale pores, the traditional flow analysis cannot reasonably explain 
the fluid flow characteristics at the micro-nano pore scale. The seepage characteristics of 
tight shale formations can be studied from a microscopic perspective using a pore network 
model [129]. 
5.11 Previous Studies 
A Pore network model can be used to investigate the micromechanics of seepage in porous 
media. Typical tight gas formations are usually porous media where nano-scale pores are 
randomly distributed within the shale matrix. Digital methods, including focused-ion-beam 
scanning-electron-microscopy (FIB-SEM) and computed tomography (C.T.), are used to 
obtain two-dimensional slices of the pore structure of the shale samples. Three-dimensional 
pore reconstruction models can be built based on slices. Previous works have reported 
different methods of pore reconstruction [111,129,130]. Vega et al. [112] studied the pore 
structure of Barnett, Eagle Ford, and Haynesville shale samples by using high X-ray 
contrast gas. Song et al. [131] reported a local-effective-viscosity multi-relaxation-time 
lattice Boltzmann model to simulate the gas transport in shale. All previous research 
provides essential information on shale structure and gas transport. 
Direct simulation using pore reconstruction models can be computationally demanding 
due to the complicated boundary conditions for flow and gas transport in the shale pore 
structure. Alternatively, the equivalent pore network model is based on the statistical values 
of physical properties of rock and soil media to establish a simplified pore structure 
reflecting pore distributions and spatial connectivity. The equivalent pore network model 
was first proposed by Fatt [37]in 1956. He proposed a two-dimensional network model 
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based on capillary tubes, and combined the spherical pore accumulation model to account 
for the connectivity between pores, and proposed a two-dimensional regular grid network 
model. Nicholson and Petropoulos [132] 1971 established a three-dimensional equivalent 
pore network model and performed a quasi-static two-phase flow calculation. Since then, 
many scholars have studied the pore morphology of the pore network model. Dullien [133] 
1979 simplified the connecting throats between pores into continuous capillary sections. 
Reeves and Celia[39] 1996 established a constant coordination number equivalent pore 
network model and further considered the linear change of pore throats. Although the 
equivalent pore network model simplifies the morphology and structure of the pores, it can 
better reflect the actual flow characteristics. The simulated permeability calculated based 
on the equivalent pore network model is the same order of magnitude based on actual test 
measurements[131–133]. Jerauld and Salter [97] in 1990 compared the equivalent three-
dimensional pore network model with the pore reconstruction model and found that the 
permeability calculation results of the two are equivalent. These validations enabled the 
equivalent pore network model to be considered an established mathematical method to 
construct different rock and soil media pore structures based on flexibly based statistical 
pore parameters. However, unconventional shale geological conditions are very different; 
the solid phase usually consists of various mineral components in an intricate and 
anisotropic micro/nano pore structure [134][135]. Many shale gas formations have features 
such as heterogeneity, low matrix porosity, and low permeability, which is the critical 
factor that differentiates unconventional formations from those conventional formations. 
An equivalent pore network is a simplified pore structure of the geo-media. It 
simplifies the complex flow paths (pore bodies, pore throats, etc.) in the geo-media into 
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regular geometric shapes, such as spheres and cylinders, as shown in Figure 5.1. This 
methodology gradually evolved from two-dimensional to three-dimensional and now 
developed into equivalent pore network models suitable for simulation of various geo-
media. The pore bodies in an equivalent pore network represent the larger-sized cavities in 
the geo-media. The pores are connected by pore throats, smaller cavities, or nano-fractures 
for fluid migration. In an equivalent pore network, the size of pore radii varies, and they 
are regularly arranged on grid points. The distance between the centers of adjacent pores 
is a constant value to simplify calculations. The average number of surrounding pores 
varies depending on the geomaterial. The average number of active connections to a pore 
body is called the coordination number. By adjusting the size of the pore radius, pore throat 
radius, and coordination number, a pore network model can be developed to simulate the 
gas seepage within geo-media and conventional reservoir rocks [96].  
 
Figure 5.1  The geometry of the equivalent pore network (a) Cubic lattice with a constant 





Zhang et al. [41] developed a nano-scale pore network model to describe the isotropic 
pore structure in shale formations based on a reduction factor for pore connections. This 
reduction factor depends on a dilution or a reduction algorithm. In this research, an 
anisotropic pore network model with an anisotropic ratio in three directions is developed 
by enhancing the model. This model is subsequently validated using measured 
permeability data. 
5.12 Motivation and Importance of the Research 
The use of pore network models to study the seepage characteristics of rock and soil media 
has been carried out to a large extent, but there are still certain shortcomings. The 
equivalent anisotropic pore network still needs to be further developed. Based on the 
equivalent pore network model, the relationship between the pore structure of shale and its 
seepage characteristics, especially anisotropic behavior, needs to be established. This 
manuscript presents the development of an equivalent anisotropic pore network model 
using pore body sizes, pore throat sizes, coordination numbers, and other pore structure 
parameters. This equivalent pore network can represent the average actual pore structure 
of shale to simulate the anisotropic permeability. Geological media behaving as 
underground reservoirs generally has extremely low pore connectivity [38]. Macro-scale 
gas flow simulations of such geological media usually ignore the impact of micro/nano-
scale pore connectivity and flow regimes. The tight porosity and the complex connectivity 
of unconventional reservoirs make it challenging to account for the traditional macro/nano 
scale fluid flow. The establishment of a pore network model can account for complex 
geometric shapes and spatial connectivity of pores and provide an effective means to 
explain the fluid flow in tight formations such as shales with micro/nano pores. 
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The method of establishing an equivalent pore network model has dramatically 
improved calculation efficiency[136]. The model can also account for the heterogeneous 
characteristics of the shale. Still, the results of the equivalent pore network model often 
deviate from the actual pore network, and further research on the model construction 
method is needed. Multi-scale flow characteristics will have a significant impact in the case 
of low permeability. Many studies have paid attention to the flow regime transition at 
different scales and pressures. Therefore, considering the multi-scale flow characteristics, 
the pore network model can predict the permeability of geotechnical materials with low 
permeability and connectivity and obtained results that are more consistent with measured 
test results. 
5.2 Construction of the Anisotropic Pore Network 
When the average coordination number in the equivalent pore network model is low, then 
there may be cases where the coordination number of some pores may be less than 2, and 
hence becomes dead-end pores (ζ=1) or isolated pores (ζ=0). There may also be dead -end 
pore groups and isolated pore groups (multiple pores have less than two connections to the 
main percolation channels). These pores are in the actual pore structure. Still, they do not 
contribute to the flow, so they can be eliminated in the equivalent pore network model, 
thereby reducing computation time. To eliminate the pores that are not connected in the 
model, it is necessary first to define the isolated pores and the dead-end pores as follows:  
1. The passage is connected to any downstream pores from any upstream pores through 
a non-repeating pore, called a seepage channel. 
 
2. If any seepage channel contains a pore, it is called a seepage pore; otherwise, it is 
called a non-seepage pore. 
 
3. For an interconnected non-seepage pore group, if a pore can be connected to any 
seepage channel, this pore group is defined as a dead-end pore group. Otherwise, it 
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becomes an isolated pore group. 
 
According to the above definition, it can be seen that in the equivalent pore network 
shown in Figure 5.2, pore A is isolated, pore B is dead-end pore, pores C belongs to the 
isolated pore group, and pores D belong to the dead-end pore group. The dark region shows 
in Figure 5.2 shows the seepage pores and pore throats after the pretreatment of the pore 
structure. 
 
Figure 5.2  Schematic of pore types in the pore network.  
 
Through the above discussion, a generation method for the pore network model can 
be summarized as: 
1.Pore radii generation: Based on the distribution of pore body sizes, corresponding pore 
radii are randomly generated for each pore body in the network. 
2.Pore connections: Randomly assign a target coordination number to each pore body in 
the network and randomly generate inter-pore connections between all adjacent pores. 




5.3 The Anisotropy of Pore Network Model 
Because shale is highly anisotropic with bedding, it is often less permeable in the vertical 
direction than in the horizontal direction [137]. The published permeability values vary by 
several orders of magnitude and are directly related to the applied effective stress (the 
difference between confining and pore pressure) and bedding orientation relative to the 
flow direction (parallel or normal to bedding). For different shale samples, including 
Mississippian Barnett Shale, Vermylen [138], Heller [139], and Heller et al.[140], showed 
that permeability values of shales are varying from 10−17 to 10−21m2. For Scandinavian 
Alum and Toarcian Shales, Ghanizadeh et al. [137] reported permeability between 10−17 
and 10−22 m2. In Western Canada for Woodford Shales, Pathi [126] reported three to four 
orders of magnitude differences in anisotropic permeability. Tinni et al. [141] found up to 
100 times the anisotropy ratio for Devonian and Ordovician shale samples. 
Due to geological deposition or layering structures in distinct directions, reservoir 
rocks for natural gas are often anisotropic. Because shale is highly anisotropic with bedding, 
permeability in the vertical direction is often much smaller than horizontal direction [137]. 
This anisotropy was incorporated into the pore network in this research. 
Under normal circumstances, it is unlikely to connect all the pores. Therefore, by 
setting different coordination numbers of the model in each direction, anisotropy of 
geological media can be accounted for in the model. As for coordination number generation, 
the general practice was to delete the pore connections by using a dilute algorithm after 
generating the fully connected structure so that the pore connection is consistent with the 
actual shale. 
Actual shale formations are anisotropic, and different directions often exhibit different 
permeabilities. In the process of model building, an anisotropic parameter can be used in 
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the equivalent pore network with different connection probabilities. Since the developed 
pore network model is three-dimensional, a new concept was introduced to consider the 
anisotropic permeabilities for three different planes of shale matrix: anisotropic ratio. It is 
defined as the ratio of the number of pore connections in the three directions of x, y, and z 
as (ax, ay, az); since the developed model is a regular lattice grid, the total number of 
connections for each plane is available after the construction also for the angels between 
connections to x, y, and z-axis, in this case (regular lattice cubic grid), angles between the 
space diagonal to each of the axis within a cubic would be 54.7° defined as α, β, and γ, 
respectively shown as Figure 5.3 when the certain shale media of given anisotropy ratio, 
the number of pore connections in the three directions of x, y and z are first guaranteed. To 
calculate the probability in other directions (α, β, and γ directions) other than x, y, and z 
directions, Equation (5.1) can be used, and connections to this lattice model are determined 











Where α, β, and γ are the angles between the connection direction and the x, y, and z-
axis as shown in Figure 5.3(b), whereas Figure 5.3(a) shows traditional flow directions in 
direction and the x, y, and z-axis. The 𝑎 is defined as the average connections of the whole 
pore network. This Equation describes the relationship between pore connection 
probability within a lattice grid and their spatial angles to x, y, and z directions. When the 
lattice grid was constructed, the pore connection could be calculated based on this theory. 
 
117 
As for the angles of α, β, and γ in the Equation, they can be calculated based on the basic 
lattice unit, as in this case: a cube with the same height, length, and width. In other cases, 
when the basic lattice unit is cuboid with different lengths, widths, and heights, this 
Equation can also be utilized to account for a more complicated connection. 
 
Figure 5.3  Space diagonal connection and angles schematic (a) Flow in x, y, and z 
directions (b) Flow in space. 
 
The anisotropic equivalent pore network obtained by this method has a similar total 
number of connections to the isotropic network. However, the seepage behaviors of the 





Figure 5.4  The anisotropic permeability of shale 
Source: [142].  
 
Figure 5.4 presents the average anisotropic permeability of three planes. Under normal 
circumstances, it is unlikely to connect all the pores. Therefore, by setting different 
coordination numbers of the model in each direction, the anisotropy of geological media 
can be accounted for. As for coordination number generation, the general practice was to 
delete the pore connections using a dilute algorithm after generating a fully connected 
structure [96] or using a reduction factor proposed by Zhang et al.  
 
A. The pore connection is consistent with the actual shale. The sparse 
algorithm described above can generate pore connections, but the 
following problems still exist:  
B. The reduction factor is not obtained from the pore structure of the 
accurate geotechnical medium but selected and hence has certain 
subjective randomness.  
 
C. The reduction factor is not obtained from the pore structure of the 
accurate geotechnical medium but selected and hence has certain 























5.4 Probability-Based Anisotropy and Coordination Number Generation 
A connection analysis reveals that although the pore connections are randomly and 
uniformly distributed throughout the model, for pores with different pore coordination 
numbers, the probability of their connections to the surrounding pores is different[143]. 
For example, for one pore with 26 coordination numbers, the probability of connection will 
be 100% [144,145] since the maximum connection number of a single pore of an equivalent 
pore network is 26. Here it is assumed that the probability of a connection between the pore 
bodies is only related to the coordination number of the two adjacent pores. It is essential 
to analyze the probability of connections of two pores within the pore network since this 
relationship will help build the anisotropic relationship in three directions. 
For convenience, the two adjacent pores may be referred to as pore i and pore j, 
respectively. It is then assumed that pore i is connected to pore j, as shown in Figure 5.5. 
Below we calculate the probability of a case where the coordination number of the pore i 
is ζi, the coordination number of the pore j is ζj. 
 
Figure 5. 5 Connection relationship between pore i and pore j. 
 




𝒑𝟏(𝜻𝐢) = 𝑩(𝜻𝐢; 𝟐𝟔, 𝒑𝐜) (5.2) 
where pc represents the average probability of the existence of the connection 
between pores, and B represents the probability distribution of the binomial distribution 
B(k; n, p), where it is defined as: 
𝑩(𝒌; 𝒏, 𝒑) = (
𝒏
𝒌
) 𝒑𝒌(𝟏 − 𝒑)𝒏−𝒌 (5.3) 
In the generated pore network, the probability that the pores i and the pores j are 
connected is expressed as: 
𝒑𝟐(𝒙) = 𝒑𝟏(𝜻𝒊) ⋅
𝜻𝒊
𝟐𝟔
= 𝑩(𝜻𝒊; 𝟐𝟔, 𝒑𝒄) ⋅
𝜻𝒊
𝟐𝟔
  (5.4) 
Since the pores i has been connected to the pores j, it is possible to randomly 
generate pores in the remaining 25 connections, whereby the probability of forming a 
connection between the two is p3: 
𝒑𝟑(𝜻𝐢, 𝜻𝐣) = 𝒑𝟐(𝜻𝐢) ⋅ 𝑩(𝜻𝐣 − 𝟏; 𝟐𝟓, 𝒑𝐜) = 𝑩(𝜻𝐢;𝟐𝟔, 𝒑𝐜) ⋅
𝜻𝐢
𝟐𝟔
⋅ 𝑩(𝜻𝐣 − 𝟏; 𝟐𝟓, 𝒑𝐜)   (5.5) 
Equation (5.5) shows the probability of a connection between two pores. Similarly, 
the probability that there is no connection between the two pores can also be calculated. 
Therefore, the probability that no connection occurs between the two pores is 𝑝3̅̅ ̅: 
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𝑝3̅̅ ̅(𝜁i, 𝜁j) = 𝐵(𝜁i; 26, 𝑝c) ⋅ (1 −
𝜁i
26
) ⋅ 𝐵(𝜁j; 25, 𝑝c)   (5.6) 
In summary, given the two coordination numbers of these adjacent pores, the 
conditional probability of the connection between the pores is: 
𝒑(𝜻𝒊, 𝜻𝒋 ) =
𝒑𝟑(𝜻𝒊, 𝜻𝒋)












Among them / 26i i = , 
/ 26j j =  respectively, are called normalized coordination 
numbers of two pores. 
It can be seen from Equation (5.7) that the probability of connection between pores is 
not only related to the coordination number of the two pores but also the average 
coordination number of the entire equivalent pore network model. Figure 5.6 shows the 
relationship between the probability of a connection between pores and the average 
coordination number of the network when the coordination number of the two pores is the 
same. Results show that when the average coordination number of the network is constant, 
the larger the pore coordination number, the greater the probability of connection between 
the pores. When the average coordination number of connected pores is constant, the larger 
the average coordination number of the network, the larger the probability of connection 
between the pores. The points on the straight dash line in Figure 5.6 show that the pore 
coordination number on each curve is equal to the average coordination number of the 
network, indicating that the coordination number of the two pores is the same as the average 




Figure 5.6  Relationship between the probability of connections and the average 
coordination number. 
 
Based on the above, one can use the known coordination number distribution to 
generate the connection between the pores, using the following steps: 
1. Randomly generate a series of matches according to a given distribution of 
coordination numbers and assign target coordination numbers to each pore. In 
coordination number assignment, a larger coordination number is assigned to the larger 
size pores to meet the actual statistical results. In our case, the coordination number 
has a general deviation of 0.1, which is relatively small.  
 
2. For any two adjacent pores, based on the target coordination number assigned to the 
two pores, combined with the average coordination number of the entire model, the 
probability of the connection between the groups of pores is calculated by using 
Equation 5.7. 
 
3. Make adjustments to all pores until the final pore network is generated. 
 
 
The equivalent pore network model generated here avoids the decisive subjective 
reduction factor. The generated connection considers the distribution of coordination 
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numbers. Therefore, it can generate an equivalent pore network that is similar to the actual 
geo-material. Figure 5.7 and Table 5.2 show the connection of the equivalent pore network 
model with the target coordination number and the normal distribution and the gamma 
distribution using the above method where μ and α are the average numbers of normal 
distribution and gamma distribution, and σ and β are the standard deviations of both 
distributions respectively. The coordination number distribution and the target 
coordination number are close, with a mean error of less than 1%. However, gamma 
distribution has a lower error, and hence it was used in this research. 
 
(a)                                                                (b) 
Figure 5.7  Equivalent pore network model connection generation results (a) normal 




























9.99 9.97 -0.14  3.01 3.74 +24.23 
γ distribution（α=3，
β=2） 
5.96 5.92 -0.82  3.43 3.74 +8.91 
 
 
5.5 Calculation of Gas Permeability 
5.51 Gas Movement in Pore Throats  
In the pore network, the gas transfer through the pore throats is connected between pores. 
Therefore, the gas flux of the pore throat Qij can be determined as follows: 
𝑸𝒊𝒋 = 𝜶𝒊𝒋𝑲𝒊𝒋𝜟𝒑 (5.8) 
Where αij is a correction factor, Kij is the liquid permeability of the pore throat, Δp 
is the pressure difference between the pores. The correction factor αij can be determined 
by the multi-flow regimes model, which includes the influence of slippage effect and 
Knudsen diffusion of gas in shale: 
𝜶𝐢𝐣 =





𝟏 + 𝟎. 𝟓𝑲𝐧
 (5.9) 









Where R is the universal gas constant, T is the absolute temperature, M is the molar 
mass, μ is the viscosity of the gas, p is the average gas pressure in the pore throat.The K ij 






Where rij and lij are the radii and the length of the pore throat, due to the 
compressibility of the gas, the mass balance of a pore connected to several pore throats can 




𝑸𝐢𝐣  (5.12) 
Where Qpore is the flux of the pore, pi and pj are the pressure at both ends of the pore 
throat. Based on Equations. (5.8-5.12) the gas transfer in the pore network can be solved. 
When αij is set as 1, the equations can calculate liquid transport in pore throats. 
5.52 Macro permeability of the pore network 
Considering one-dimensional seepage with constant pressure at the upstream and 
downstream boundaries, when the gas flow forms a stable field, and the density of the gas 


















Where Qm is the total mass flux of gas in the model, ρ is the density of the fluid, k 
is the macro gas permeability of the medium, A is the seepage area. After integration, 









Where pu and pd are the constant pressure at the upstream and downstream 
boundaries of the model, L is the seepage distance of the model. Thus, the macro gas 
















where ?̅? represents the average density of gas in the entire pore network. Please 
note that Equation. (5.15) can also be used to calculate the macro permeability of liquids 
by replacing average gas density with average liquid density in the pore network.  
 
5.6 Results and Validation  
5.61 Validation of the Anisotropic Model  
The experimental results show that the permeability of Longmaxi formation shale in East 
Sichuan is in the order of 10-18 (in m2)[142]. With the increase of the angle between the 
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shale and the bedding plane, the permeability of the shale decreases. The anisotropic 
permeability ratio of the Longmaxi shale along the bedding plane and the permeability of 
shale sampled on the vertical bedding plane varies from 3 to 10[142]. The permeability 
values of the shale samples in a different area of the bedding plane are relatively similar, 
but the permeability of different rock samples varies with the confining stress. As for the 
anisotropic pore network used in this research, the reasonable anisotropic rat io has to be 
adopted based on the previous research and the relationship between the anisotropic ratio, 
which refers to the connection number ratio in each plane as (ax: ay: az).  
Based on the statistical study of this anisotropic pore network model, the initial results 
between the anisotropic permeability and the connection ratio for three flow planes, as 
shown in Table 5.2. The following are assumed for the calculations shown in Table 5.2: 
average pore body radius 0.1 μm and standard deviation 0.01; average coordination number 
10 and standard deviation 0.1; average pore throat radius 0.1μm and standard deviation 
0.01; and porosity 10 %. This table indicates that anisotropic permeability can be achieved 
using this connection ratio of three planes. Each of the factors has a different impact on 
permeability. The dominating flow plane (ax), which is the bedding plane, has a significant 
impact on permeability. When increasing the ratio of ax, the total permeability tends to 
increase, which means a higher connection number for the bedding plane will increase the 
permeability of the whole matrix. 
On the contrary, the increase in the ratio of ay and az will decrease the total 
permeability. Therefore, it is reasonable that when increasing the vertical connections of 
shale, the permeability of the total formation will decrease. The isotropic pore network 
model could not predict the shale permeability when the pressure difference was low, as 
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shown in Figure 5.10. At the same time, the anisotropic model seems to predict the 
permeability for a wide range of input pressure values. Typically, when the pressure ranges 
from 0.1 MPa to 1 MPa, the isotropic model tends to predict a lower permeability value 
when compared to the measured values. 
On the contrary, the permeability results of an anisotropic model, when adjusted to 
include the proper connection ratio, yielded similar values to those measured. Therefore, 
by applying and adjusting the connections ratio of each plane, one can use the anisotropic 
pore network model to represent the actual shale formation. For example, for Longmaxi 
shale, the typical anisotropic ratio is approximately 10. 
 
Table 5.2  Impact of Connection Ratio on Permeability 
 
(ax:ay:az) 1, 1, 1 1, 2, 1 1, 5, 1 1, 10, 1 1, 50, 1 1, 100, 1 
Anisotropic 
permeability 
4.11×10-18 3.72×10-18 3.32×10-18 3.11×10-18 2.89×10-18 2.84×10-18 
(ax:ay:az) 1, 1, 1 2, 1, 1 5, 1, 1 10, 1, 1 50, 1, 1 100, 1, 1 
Anisotropic 
permeability 
4.11×10-18 5.94×10-18 8.13×10-18 8.90×10-18 9.28×10-18 9.36×10-18 
(ax:ay:az) 1, 1, 1 1, 1, 2 1, 1, 5 1, 1, 10 1, 1, 50 1, 1, 100 
Anisotropic 
permeability 





Figure.5.8  Comparison of permeability from experimental data and Isotropic/anisotropic 
pore-network model (Experiment data is Sample Z084, isotropic data and anisotropic data 
was compared). 
 
5.62 Validation of the Model with Experimental data from Qaidam Basin Shale 
Gao et al.[100,147] conducted a series of high-pressure gas permeability tests on four shale 
samples obtained from Longmaxi formation shale in East Sichuan. Several different types 
of shale samples were used for the test, and the representative sample parameters are shown 
in Table 5.2. For each sample, multiple sets of permeability tests under different pressures 
were performed. The outlet pressure of the test was fixed at 0.1 MPa, and the inlet pressure 
was gradually increased from 4 MPa to 0.1 MPa. By measuring the corresponding 
volumetric flow rate, the apparent permeability of the shale medium at the corresponding 




























Pores of Longmaxi shale are composed of organic and non-organic pores in the shale 
fabric and micro and macro cracks. These pores store shale gas, and their size directly 
determines the shale gas reservoir size and the feasibility of shale gas extraction. The 
anisotropic pore network was constructed based on the reported pore parameters of four 
different shales and shown in Table 5.3. Mercury injection capillary pressure test, N2 
absorption, and FIB-SEM technologies were used to obtain pore parameters of four 
Longmaxi shales under laboratory conditions[100].  
The low-pressure absorption test supports the assumption of equivalent spherical and 
cylindrical pore shapes[146]. To simplify the understanding of the pore structure and 
facilitate the prediction of gas flow, the pore structure in the shale matrix was simplified to 
cylindrical capillaries[107,117,147]. Hence, the shale matrix pores consist of a large 
number of multi-diameter cylindrical pores connected spherical pore bodies in series and 
parallel.  
Four anisotropic pore networks were developed for four shale samples obtained from 
the Longmaxi formation shale in East Sichuan using the steps described before. The size 
of each anisotropic pore network was 20×20×20. The pore diameters and porosity values  
were obtained from the experimental data reported in Gao et al.[100]. In that study, they 
conducted different tests, including CO2 absorption, N2 adsorption, and mercury intrusion, 
to obtain pore structures of four Longmaxi shales under laboratory conditions. Other 
parameters, including the pore throat diameters, coordination numbers, and anisotropic 
ratios, were based on our previous and current research on shale[96,100,148,149].  
Then using those four anisotropic pore networks developed, the permeability of each 
shale was predicted. No flow boundary conditions were used, except for the inlet or 
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upstream and outlet or downstream boundaries. By setting the outlet pressure to 0.1 MPa, 
one can simulate gas flow results by changing the inlet pressure values and calculating the 
corresponding permeability. For each core sample, several simulations were performed 
corresponding to different inlet pressures of actual physical tests. Once the inlet and outlet 
pressures were applied, the simulation continued until a constant flow rate was reached.  
 
















C024 5.187, 0.4 0.51, 0.04 4, 0.3 17: 17: 1 5.98 
C038 7.852, 0.4 0.81, 0.04 4, 0.3 22: 22: 1 5.34 
C014 7.305, 0.4 0.87, 0.04 3, 0.3 25: 25: 1 2.55 




Figure 5. 9 Variation of the permeability with applied pressure for the four formations with 
the simulated results. 
 
Based on the summary of the modeling parameters shown in Table 5.3, four 
permeability results of both actual test and simulation were compared in Figure 5.9. These 
simulations used the developed anisotropic pore network. Figure 5.9 shows the comparison 
between the experimental results and the results of the equivalent pore network model 
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simulation. It can be seen from Figure 5.9 that the simulation results of the pore-scale 
permeability calculation model are in good agreement, concluding that the proposed 
equivalent anisotropic pore network model can be used as a predictive tool. 
For unconventional rock such as shale, porosity is usually less than 10%[150], pore-
throat diameters are less than 1μm[110], and permeability is less than 1mD. Shale 
formations are strongly anisotropic due to their laminated surfaces, resulting in vast 
differences in mechanical properties along parallel and perpendicular lines to bedding 
planes[151–153]. Also, shale is highly anisotropic when compared to conventional rock. 
Shale nanopores are heterogeneous and contain organic (e.g., kerogen) and inorganic (e.g., 
clay and cementation) materials[154]. Hence at nano/micro-scale, the approach proposed 
by Song et al.[131] with pore structure obtained by scanning-electron-microscopy (FIB-
SEM) and then using the local-effective-viscosity multi-relaxation-time lattice Boltzmann 
model to simulate the gas transport in shale would be preferable. 
However, the gas trapped in shale is influenced by conditions that prevailed during 
reservoir-formation and subsequent environmental and seismic activities[155], which is a 
complex balancing operation, hence in the case of unconventional hydrocarbon resources, 
the gas content is affected by temperature and pressure in micro and nano scale-pores 
[127,151,152,156–158] To better estimate the potential for gaseous hydrocarbon recovery, 
it is essential to characterize these heterogeneous nanopores using pore-scale parameters, 
i.e., the pore body and throat distributions22. Hence, at the engineering scale for predicting 
potential shale gas extraction, the simplified pore structure of the geo-media using the 




5.7 Summary and Conclusions 
This manuscript describes the development of an improved pore-network model using a 
new algorithm for coordination numbers incorporating anisotropic ratio and the isolated 
pore elimination method. The model was validated by comparing simulated shale 
permeability with the measured data for four shales from the Longmaxi formation. 
The construction of the equivalent anisotropic pore network model was first described 
in detail, especially the proposed coordination number generation method and the 
assignment of coordination numbers based on the connection probability of adjacent pores. 
The probability of connection was developed and found that the connection between two 
pores is not only related to the coordination number of two pores but also related to the 
average coordination number of the entire network. An anisotropic ratio (ax: ay: az) was 
then introduced to account for the anisotropic formation of gas-bearing shale. The three 
directional anisotropic ratios were defined as the ratio of pore connections in each direction 
to accurately represent the permeability behavior of different anisotropic formations such 
as soils, sandstones, or shale. For different formations, different anisotropic ratios were 
utilized to simulate different gas flow behaviors. A good agreement between predicted and 
measured permeability was obtained for four shale samples obtained from the Longmaxi 
formation in East Sichuan, showing that the anisotropic model is more representative than 










NUMERICAL STUDY ON THE PRODUCTION RATE OF UNCONVENTIONAL 
GAS RESERVOIRS BASED ON PORE NETWORK MODEL 
 
6.1 Introduction 
The current booming shale gas production in the United States and the fast-growing global 
investment in shale gas exploration and construction are due to the combination of 
horizontal drilling and multistage hydraulic fracturing technology [159–161]. Multiple 
transverse hydraulic fractures are created when all wellbores are drilled in the minor 
horizontal tension direction. Therefore, maximizing the overall stimulated reservoir 
volume is critical in achieving a cost-effective gas supply [162,163]. Therefore, a nanoscale 
shale gas reservoir model is used in this research for gas transport, nano-flow, and 
geomechanics in a fractured horizontal well environment. Furthermore, this model is used 
to forecast shale gas output under various reservoir scenarios and investigate the factors 
that influence the declining trend of shale production rate over time. The findings and study 
discussed here enable a better understanding of gas production processes and depletion in 
a shale gas well under certain reservoir conditions. Shales are the most common 
sedimentary rocks in the crust of the earth. Recent activities in shale gas exploration have 
shown that shale gas will be the most significant portion of the future global energy supply 
as traditional reserves begin to decline [9,164,165]. Improved reservoir conditions, 
advancement in horizontal drilling, and hydraulic fracking technology make shale gas 
extraction commercially feasible successful [166]. However, in contrast to traditional 
reservoirs, shale gas reservoirs appear to be more costly to build and require specific 
technology to allow gas to be extracted at an economical pace due to its extremely low 
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matrix permeability and porosity [140,167,168]. Thus, it is essential to accurately model 
the shale gas output to determine how quickly the gas will be extracted and converted into 
revenue from each well and predict the economic feasibility of extracting natural gas. 
Alterations in pore morphology can occur through a number of processes coupled with 
and interfering with fluid flow [169]. Chemical reactions or microbiological events, in this 
case, clay swelling, are examples of such processes. Although changes in pore surface 
properties and void space geometry arise at nano or even molecular scale, the engineering 
problem scales are usually much more significant. Therefore, the pore or nanoscale 
changes must be converted to engineering scale when modeling this engineering problem. 
The contribution of shale morphology changes in the flow field is often characterized 
by effective hydraulic properties, which is also essential for computational viability 
[170,171]. One of these parameters is the permeability of a porous medium, which 
describes the resistance to fluid flux in the porous medium in a representative volume. The 
concept of permeability does not necessarily require a detailed description of the fluid -
solid interface at the cost of losing details on the pore scale. However, the pore geometry 
cannot be ignored. The nanoscale parameters are the fundamental basis for the flow rate of 
a particular formation. In the model developed here, the nanoscale parameters are used to 
represent the actual shale matrix. A typical approach for integrating pore structure and 
morphology is to link changes in flow rate to porosity, another important shale matric 
parameter. This research aims to analyze porosity–flow rate relationship, outline their key 
characteristics and provide some guidelines for the shale matrix and its pore space 
alterations due to fracking. 
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6.2 Pore Network Model for the Nanoscale Flow 
First, the representative unit of the equivalent pore network model is constructed for 
different shale formations to calculate and analyze their performance. After that, the 
representative unit is gradually expanded and correlated with the flow length to reach the 
engineering scale. 
The pore network model application focuses on calculating and analyzing the complex 
low-connective anisotropic shale, focusing on the physical properties of the shale matrix 
itself.  The specific process of constructing the pore-scale structure and analyzing the 
dynamic flow of shale gas at the pore-scale and sensitivity analysis of the main parameters 
affecting flow characteristics, including porosity and pore throat size, is described. Here 
the reservoir pressure and adsorption and desorption characteristics caused by organic 
matter distribution are considered to obtain the gas extraction rate. 
6.21 Flow calculation between pores 
When gas flows in nanoscale pores, the velocity of gas molecules at the sidewalls of the 
pores is not the same [172]. Therefore, Klinkenberg first studied the gas slip phenomenon 
in porous media and found that the slip effect significantly influenced gas permeation in 
porous media and gave the gas flow correction factor (F) expression considering the slip 
effect [173]. 










Where bk is the Klinkenberg slip factor, in this study, the Klinkenberg slip factor 










𝛻𝑝  (6.2) 
The diffusion of gas molecules in the nanotube is mainly caused by the violent 
collision with the sidewall of the pore. Knudsen diffusion is often used to describe this 
phenomenon. The mass flow rate (Qd) of gas molecules produced by diffusion can be 




  (6.3) 
Di is the gas diffusion coefficient in the micropores, and c is the mass fraction of 
gas. Gilron and Soffer proposed that the diffusion coefficient D i is composed of the 
modified diffusion coefficient D i,c and the thermodynamic correction factor ψ(T,p), 
namely[174]: 




，Therefore, substituting Equation (6.4) into Equation (6.3) can 
obtain the diffusion mass flow rate. In Equation (6.4), replacing Di,c with the Knudsen 
diffusion coefficient can obtain the Knudsen diffusion mass flow rate. The Knudsen 










The simultaneous combination of Equations (6.3), (6.4), (6.5) to obtain the mass 










Here the Klinkenberg slip flow and Knudsen diffusion terms are accounted to 
modify the mass flow expression to reflect the transition characteristics between flow 
regimes caused by the change of Knudsen number. The revised mass flow expression is as 
shown in Equation (6.7): 














6.22 Gas transport between pores 
The dynamic pore-scale flow calculation multiple flow mechanisms are converted into a 
single variable pore pressure function, which is convenient for the time and space 
discretization of the pressure term in the calculation. Therefore, the dynamic pore-scale 
flow calculation requires the pore-scale discretization of the continuum, including each 
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pore throat with its dominant flow mechanism. In addition, the dynamic flow model needs 
to consider the adsorption and desorption characteristics of the porous media based on the 
multi-fluid theory model. 
The gas flow in the pore network model is a dynamic one, and each pore needs to 
satisfy the law of conservation of mass. Select pore i as a reference, and pore i is connected 
to the surrounding four pores (Figure 6.1). In the figure, s and e represent the starting and 
ending pores (numbered clockwise) of the pores connected to pore i, respectively. The pore 
information matrix needs to be stored in the calculation. The sequence connected to pore i 
is convenient for subsequent retrieval of node information. At each time step, the pressure 
of the pore throat is equal to the average pressure of the two adjacent pores (Figure 6.1). 
From time step k to time step k+1, the mass change of pore i is equal to the sum of the 






























Figure 6.1 Pore i Schematic diagram of connected pores. 
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Equation (6.10) shows the dynamic, iterative process of the pore pressure term. In 
the entire pore network solution domain, the initial pressure gradient only exists at the 
boundary. As the pressure gradually decreases, the flow covers the entire pore network. In 
the dynamic calculation, the time step is crucial for the stability of the explicit solution. 
The Courant number determines the time step dynamically. It accounts for the relationship 
between the time step and the space step where it should be less than 1 to ensure the stability 
of the calculation. In this pore network model, the definition of Courant number is 
















In the formula, lcb is the length of the coordination bond between two adjacent pores, 
and Δt is the time step for maintaining stable flow calculation between adjacent pores. Thus, 
the time step will be calculated for all pores in the entire pore network, and the minimum 
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value of the time steps for all pores is selected as the time step for the entire pore network 
model.  In other words, in this calculation, the Courant number is kept less than 1 to ensure 
the stability of the iteration. Therefore, it is necessary to calculate the maximum time step 
allowed for all pores and take the smallest value for the simulation. Hence, the calculation 
steps are as follows: 
(1) According to the initial calculated conditions, assign initial pore pressures to all pores. 
(2) Adjust the pressure value for the pores at the boundary according to the calculated 
boundary conditions: for constant pressure boundary conditions, update the pore pressure 
to the set pressure value; for closed boundary conditions, keep the previous iteration result 
without processing. 
(3) Calculate the Courant number of all pores and obtain the maximum allowable iteration 
time step under the condition that the Courant number is less than 1. 
(4) According to the iteration time step, use formula (6.10) to calculate the pore pressure 
of the next iteration step for all pores. 
(5) Repeat steps (2)-(4) until the iteration is completed or the convergence is reached .  
In the above calculation, each pore and all other pores connected to it will form a unit 
for the mass conservation equation. When the time step is determined, the mass 
conservation equation composed of each unit will obtain a stable result. Hence in the model, 
the time is determined when the overall stability is reached. Then select the maximum 
value by searching the pressure difference between the k-th time step and the k+1 time step 
of each pore. The condition for the model to reach stability is that the maximum pressure 
difference is less than the allowable error. The allowable error is defined as err = Poutlet /104, 
one ten-thousandth of the lower boundary pressure. 
6.2.3 Development of Pore Networks for Shale formations 
Four anisotropic pore networks were developed for four shale formations studied in this 
research using the steps mentioned above. The size of each anisotropic pore network was 
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20×20×20. The pore diameters and porosity values were obtained from the experimental 
data reported before and repeated in Table 6.1. In that study, different tests, including CO2 
absorption, N2 adsorption, and mercury intrusion, were conducted to obtain pore structures 
of four shale formations studied in this research under laboratory conditions. Other 
parameters, including the pore throats diameters, coordination numbers, and anisotropic 
ratios, were based on our previous and current research on shale. Then using those four 
anisotropic pore networks developed, the exit gas flow rate from the boundary exposed to 
atmospheric pressure with time was predicted. No flow boundary conditions were used, 
except for the inlet or upstream and outlet or downstream boundaries. For each core sample, 
several simulations were performed corresponding to different inlet pressures of actual 
physical tests. Once the inlet and outlet pressures were applied, the simulation continued 
until a constant flow rate was reached.  



















Eagle Ford 8.5/0.4 2.9/0.2 4/0.1 22:22:1 4.41 
Haynesville 5.4/0.3 1.6/0.1 4/0.1 22:22:1 2.94 
Longmaxi 4.3/0.3 0.66/0.1 4/0.1 22:22:1 1.58 
Opalinus 9.8/0.5 3.1/0.3 4/0.1 22:22:1 7.81 
 
6.3 Sensitivity Studies of Flow Simulation 
The different control factors of formation and gas exploration, such as intact shale gas 
pressure, clay content, and fracture spacing, determine the gas production rate. Therefore, 
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the ability of the pore network model to account for control factors needs to be investigated 
before actual gas production can be estimated based on the pore network model. However, 
there is little analysis of the variables of control factors of actual shale gas production 
because of the variability of unconventional shale gas deposits. Mayerhoffer used a 
numerical simulation of explicit fracture networks to predict reservoir volume [175]. 
According to the power-law exponential model, Mattar et al. [176] proposed a theory and 
methodological data processing. They showed the effect of the changing shutdown 
pressure distribution in the fracturing system on the volume flow rate of the well and the 
gas recovery. However, there is limited or no analysis of the nanoscale flow rate and 
decline in production rate with time. 
A nanoscale shale gas reservoir simulator is designed to research the influence of 
different processes on shale gas production. The thoroughly combined physical method 
includes fluid movement through the formation matrix and cracks, shale gas adsorption 
and desorption, natural gas properties, and in-situ pressure that varies during the 
development process. This simulator enables us to combine nano flux mechanisms and 
geo-mechanical effects in fracture systems to assess which factors influence the global well 
production and ultimate rehabilitation of shale gas formations. Although the whole 
segment of a horizontal well can be simulated using the reservoir-scale simulator, with 
several transverse fractures, a unit volume can be simulated more effectively, and 
symmetrical boundary conditions can be applied along the borders so that overall gas 
output from the horizontal well can be calculated. Furthermore, constant output pressure 
on the wellbore is applied, and no flux conditions boundaries are applied. 
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This chapter lays out the motion equation and mathematical shale-gas transport model 
in the multi-scale medium in conjunction with the kinetic molecular principle and gas 
transport properties in the shale gas reservoir with nanoporous parameters. In addition, the 
radial flow pressure distribution formula and the control system for shale gas well control 
are obtained. Furthermore, the flow rate of gas well volume is analyzed , considering major 
control variables. Finally, the theoretical basis for effective shale gas extraction is provided. 
6.31 The impact of the intact gas pressure on gas production rate 
Shale gas reservoirs are rich organic formations that vary from one to another formation, 
including within the formation itself. The shale gas comprises largely free gas on the pore 
surface of the shale matrix and adsorbed gas onto the organic matter in the pore matrix 
[177,178]. As a result, shale gas reservoirs can yield significant free gas in the formation 
compared to conventional gas reservoirs [179]. Therefore, the intact gas pressure in the 
formation is an important contributing factor in gas recovery. Still, there is a minimal 
discussion on the influence of the gas pressure on gas output and may significantly impact 
the Arps decline curve analysis [180]. The intact gas pressure depends on the depth of the 
formation, clay content, and organic content. 
To simulate the behavior of actual formations and to predict the amount of gas 
extraction using the pore network model, the correct intact gas pressure is needed. However, 
there was limited information on intact gas pressure, and it was decided to determine the 
impact of the intact gas pressure on the gas production rate. Therefore, four simulation 
pressures (20Mpa, 40Mpa, 60Mpa, and 80Mpa) were applied to each target shale. The 
regular 20*20*20 lattice grid was used to compare the impact of the intact gas pressure on 
the gas production rate. The simulation results are shown in Figures 6.2, 6.3, 6.4, and 6.5 
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for the four shale formations with a mathematical fit of a function flow rate Q=A*t-B as 
shown below. 
 





Figure 6.3 Eagle Ford shale flow production at different gas pressures. 
 




Figure 6.5 Opalinus shale flow production at different gas pressures. 
 
Compared with the base case with the gas pressure of 20 Mpa, the decline rate of gas 
production decreases dramatically with the increasing initial gas pressure. However, the 
decline rate trend is similar. Comparing the impact of the intact gas pressure on the decline 
rate of gas production or the A and B values of fitted equation Q=A*t -B for shale formations 
are shown in Figures 6.6, 6.7, 6.8, and 6.9. They show the effect of gas pressure in 
controlling the decline slope. Furthermore, the power number of different gas pressure can 
be correlated for the 20*20*20 model for four selected shale formations. Correlations were 
found between gas pressure and decline curve slope for the four shale formations, as shown 
in Figure 6.6-6.9. Hence the nanoscale flow rate simulations can obtain actual production 














Figure 6.8 Variation of gas pressure correlation with power number of Longmaxi shale. 
 
 




6.32 The influence of the flow length  
Figure 6.10 shows the 20*20*20 pore network model used in this research, where Figure 
6.10 shows all 20 nodes in the lattice but only shows truncated to 4 nodes in Y and Z 
directions. If this nanopore network model to be applied for actual formation, then the 
length of the model in the X direction would be half of the fracture spacing shown in Figure 
6.11b. This would require the number of pores in the X direction to be 1.5E9. Such 
simulation would require significant computational effort, and hence it is not feasible to 
use the pore network model used in this research to predict the actual shale gas production. 
Hence to obtain useful information from the pore network model used in this research, the 
grid size of the model was logically increased from 20*20*20 to 200*20*20,2000*20*20 
and 20000*20*20 size grids and predicted the shale gas production rate with time for the 
four shale formations. 
 





Figure 6.11 Nano-flow channel lengths and reservoir fracture spacing representation: (a) 
Schematic of Nano-scale grid. (b) Reservoir-scale fracture spacing. 
 
Figure.6.11a shows the nanoscale 20*20*20, 200*20*20,2000*20*20, and 20000*20*20 
pore network grids. Figures 6.12, 6.13, 6.14, and 6.15 show results of simulations with 
20*20*20, 200*20*20, 2000*20*20, and 20000*20*20 grids for the selected four shale 
formations. Figures 6.12, 6.13, and 6.14 also show the fitted equation Q=A*t-B for shale 
formations for each grid size. Figures 6.12, 6.13, and 6.14 clearly show that the gas 
production rate sharply decreases during the initial steps and then slowly approaches zero. 
The methane gas production rate for all four grids decreases almost to zero within 20 
nanoseconds. During the first few steps, the gas production rate dropped 20%-40% and, 
after the 15th time steps, the production rate decreased and stabilized at around 5% per step. 





Figure 6.12 Four flow lengths simulation curves of Haynesville shale. 
 




Figure 6.14 Four flow lengths simulation curves of Longmaix shale. 
 
Correlations between fracture length and parameters A and B of the fitted equation 
Q=A*t-B for four shale formations are shown in Figures 6.15, 6.16, and 6.17. Good 
correlations were obtained for selected four shale formations indicating the ability to 
extrapolate to field scale with minimal computational efforts. As the flow seepage through 
the pore network, the different flow behaviors in this case: flow rate is reducing when the 





Figure 6.15 Correlations between flow length and decline power number for Eagle Ford. 
 
 





Figure 6.17 Correlations between flow length and decline power number for Longmaxi. 
 
6.4 Impact of Shale Softening on Flow rate 
Darcy's theory, which models pressure-driven viscous flow, is valid for reservoirs where 
the continuum principle holds and fluid velocity at the pore wall is believed to be zero. 
However, fluid continuum theory fails in shale reservoirs with pore throat radii in the 
nanometer range [181]. Gas molecules take a rather random path while still retaining a 
general flow trajectory governed by the pressure gradient. Instead of having zero speed, 
molecules bounce at pore walls and appear to slip. Many authors quantified the results by 
altering the slippage factor or determining apparent permeability as a function of the 
Knudsen number to suggest corrections for non-Darcy flow across various flow regions in 
nanopore space [182]. 
While several theoretical and analytical models for apparent enhancement of 
permeability in nanopore structures have been developed to account for gas slip behavior 
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effects, they neglect the alteration of the geometry of the pore structure caused by clay-
swelling and the gas layer softening.  
The pore micro/nanostructure would be influenced by the continuous decrease of pore 
gas pressures and seepage of fracking fluid. An extensive literature review on the evolution 
of matrix permeability during pressure degradation suggested a single model for matrix 
permeability, including the non-Darcy flow/gas slippage [183]. However, the impact of 
shale softening and porosity reduction through layers that affect the flow rate of the matrix 
at the nanoscale was not studied.  
6.41 Progress of softening through layers. 
Using a pore network model and coupling the porosity change measured in the laboratory 
study will provide insights into reducing the flow rate and help understand the damage due 
to shale softening. Based on spatial structures and porosity of original and treated shale, 
the flow rate result will be compared within changing flow length. Figures 6.18, 6.19, and 
6.20 show a series of flow rate comparisons of the 20*20*20, 200*20*20,2000*20*20, and 
20000*20*20 grids four selected shale formations. These Figures indicate the flow rate 
when the exit pore throat swelled for four formations with different flow lengths. The 
swelling effect was assumed to be occurring at the exit layer where the initial water 





Figure 6.18 Flow length effect on initial reduction of flow rate for Eagle Ford . 
 
As the flow lengths increase from the initial flow length of 8.64E-7 m to 9.15E-4 
m for Eagle Ford, there is a gradual reduction for the initial flow rate when the flow channel 
is increasing potentially. The reduction rate of the initial flow rate is ranging from 7.89E-





Figure 6.19 Flow length effect on initial reduction of flow rate for Haynesville shale. 
 
A similar pattern was found using the parameters of Haynesville Shale. The initial 
flow rate reduction can be correlated to the flow channel length. From the initial 20*20*20 





Figure 6.20 Flow length effect on initial reduction of flow rate for Longmaxi shale. 
 
According to the above four sets of comparisons, the Nanoscale model can optimize 
the flow channel length and predict the flow behavior within the matrix. However, several 
assumptions were made for the simulation as follows:  




•  The pore body and the pore throat both swell due to clay-water reaction, but only 
the throat contribute to the matrix flow rate  
 
• As the softening progress gradually, the first the last layer swells and then continues 
to the next layer until the complete model is swelled.  
 
As the shale softening continues, the progression of water intrusion will damage the 
whole matrix over time. Therefore, a representative 20*20*20 model was modified to study 
the shale softening effect. The outlet and inlet pressures are fixed at 5E6 Pa and 3.6E7 Pa. 
Figure 6.21 shows an increased level of swelling spread through the matrix from the initial-
swell ratio of 0.9 to a severe condition of 0.1 swelling with fracturing progress for layers 
in contact with the hydraulic fractured liquid. As the swell ratio decreased, the flow rate of 
the original shale decreased.  
 




It should be concluded that the spread of moisture into the shale matrix lowers the 
matrix flow rate across the grid. In the extreme case, the flow rate of the matrix is far less 
than the initial production rate if all layers swell. 
With the advancement of fracturing water from the last layer into the entire grid, to 
understand the flow rate change of the shale matrix in several softening stages, the swell 
ratio and layer number were provided. After the half-swelling, the flow rate drops 
significantly to 0.62 of the first layer and 0.09 of the last layers. For Eagle Ford shale, even 
though the porosity of the original shale only decreases by 1.3%, the flow rate has been 
reduced by 99%. The progression of shale softening was demonstrated in different 
simulations, including layer 2, layer 5, layer 9, layer 12, layer 16, and layer 20, as shown 
in Figure 6.21. Both swelling layers and swelling ratio are used to indicate the stage of 
shale softening. Flow rate changes can be calculated using the swelling pore network model.  
 
6.5 Nano Model to Field-scale Shale Gas Production 
All the basic information for the four selected shale gas formations is listed in Table 6.2. 
Hydraulic fracturing data and gas production data are only available for Eagle Ford, 
Haynesville, and Longmaxi formations. In addition, several simulations including were 
performed using actual reservoir parameters. The input parameters for a simulation of base 
cases of Eagle Ford, which include reservoir conditions, nanostructure, fracturing, and 
valid gas properties, are presented in table 6.2.  
All these input parameters are planned to represent the reservoir condition of the shale 
reservoir. For basic case simulation, the development of the matrix and softening is 
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discarded, with the results on the gas well output being studied separately in the following 
sections. 








49E6(Pa) 38E6(Pa) 19E6(Pa) 54E6(Pa) 
Wellbore 
pressure, pout 
1E5(pa) 1E5(pa) 1.5E5(pa) 1.5E5(pa) 
Matrix 
porosity, 
4.41(%) 2.94(%) 1.58(%) 7.81(%) 
Fracture 
Length, 
40(m) 23(m) 27(m) 40(m) 
Grid length, 8.68E-7(m) 2.72E-7(m) 1.78E-7(m) 9.78E-7(m) 
Gas type, CH4 CH4 CH4 CH4 
Reservoir 
temperature, 
323.4K 350K 356K 356K 
Molecular 
weight, 











Viscosity, 1.5E-6(pa*s) 1.5E-6(pa*s) 1.5E-6(pa*s) 1.5E-6(pa*s) 
Distribution 
of pore body 
8.5,0.4 5.4, 0.3 4.3,0.3 9.8,0.5 
Distribution 
of pore throat 
2.9,0.2 1.6,0.1 0.66, 0.1 3.1, 0.3 
Coordination 
Distribution 
4,0.1 4,0.1 4,0.1 4,0.1 
Anisotropic 
ratio 




Figure 6.22 Eagle Ford historical production and simulation results.  
Source: [186] 
 
Dimmit, De Witt, La Salle, Live Oak, McMullen, Webb counties with 46 horizontal 
wells were chosen in this research to study the Eagle Ford Shale formation, which was 
reported in 2009. Like the Haynesville shale, the Eagle Ford shale formed at an average 
5,000 ft long lateral, with the number of stages is currently 12 to 14 per stage. As shown in 




Figure 6.23 Haynesville historical production and simulation results. 
Source:  [184] 
 
The central area for Haynesville Shale analysis was chosen in Bienville, Bossier, 
Caddo, De Soto, Red River, Sabine Parishes. In addition, typical production curves of 
Haynesville and Longmaxi shale were chosen here to study the decline characteristics 




Figure 6.24 Longmaxi historical production and simulation results. 
Source: [185,189]. 
 
The initial flow rates in Haynesville and Eagle Ford formations are higher than 
Longmaxi formations because their reservoir pressures are higher. The other reason for this 
may be that the hydraulic breakdown treatments were pumped in Haynesville and Eagle 
Ford formations. Operators drilled longer laterals with more phases and used more fluid or 
supporting quantities per step [8]. These two factors are more likely than variations in 
petrophysical properties between basins to affect the initial production discrepancy 
significantly. The gas production rate declines after the first few months of production. 
Each decline curve was fitted into power functions and the base number. The power 
number of each fitting was analyzed using nanoscale pore network simulation, as shown 
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in Figures 6.25, 6.26, and 6.27. For instance, as the flow length increases from 8.69647E-
07 m to 9.1537E-04 m for Eagle Ford shale, the decline curve power was correlated as 
following:  
y = 0.0349ln(x) - 0.7162 ,  R² = 0.9957   (Eagle Ford) 
y = 0.0238ln(x) - 0.7906   R² = 0.9986   (Haynesville) 
y = 0.018ln(x) - 0.815   R² = 0.9948   (Longmaxi) 
The three values of correlation coefficients are nearly one, which indicated good 
matches between these three formations. 
 




Figure 6.26 Field-scale fracture and nanoscale flow length correlation in Haynesville. 
 
 




6.6 Porosity-based Correlations and Prediction for Opalinus Shale Production 
Correlations between the slope of variation of base and power number with the distance 
shown in Figures 6.25, 6.26, and 6.27 with formation porosity are shown in Figures 6.28 
and 6.29.   
 
Figure 6.28 The relationship between the porosity of the shale formation and base 
number  
 
Figure 6.29 The relationship between the porosity of the shale formation and power number.  
With the above two correlations and with known porosity, one can predict slopes 
of variation of the power equation Q=A*t-B (gas production rate with time) and the decline 
in gas production rate with time for an unknown formation.  Hence, with the porosity of 
 
170 
7.8% for Opalinus shale gas production rate with time was constructed. Therefore, based 
on the above two correlations shown in Figures 14 and 15, fitted A and B values from 
nanoscale element of 20*20*20 nodes pore network model of Opalinus shale and assuming 
a fracture length of 40 meters for the Opalinus shale formation, which is a standard practice 
in unconventional extraction [192], the estimated the base and power numbers were 8E-8 
and -1.282 respectively.  Hence the initial raw gas production curve for Opalinus shale was 
constructed using the porosity-based curves and shown in Figure 6.30. 
 
Figure 6.30 Predicted Opalinus shale production. 
 
6.7 Discussions  
These two relationships shown in Figures 6.25, 6.26, and 6.27 form the basis for how the 
fracture length or the flow length is related to the gas production rate for the unconventional 
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shale gas reservoirs. Moreover, they are logarithmic and power relationships for parameters 
B and A, respectively, with correlation coefficients of nearly one, indicating the flow length 
(model length) can be used with the model simulation of nano-size grid to predict the gas 
production rate for the unconventional shale gas reservoirs. Hence, the above demonstrate 
that the anisotropic pore network model can be used to predict the gas decline trend of gas 
production rate for the unconventional shale gas reservoirs.  
The prediction of gas production rates with time of unknown formations with 
limited field geo-material information can be achieved using the pore network model. A 
flow chart for such is shown in Figure 6.31. The starting point of such prediction would be 
the simulation of the gas production rate with time for a nanoscale element of, say, 
20*20*20 nodes using the pore network model. One would require the porosity and pore 
body and pore throat sizes and their distribution for such simulation. This can be obtained 
by analyzing a core sample from the formation. Also, for this simulation, trapped gas 
pressure should be known. If such information is not available, the sensitivity study used 
here with the formation depth may be used to estimate the trapped gas pressure. The two-
liner equations shown in Figure 3 provide insight into how the gas pressure affects the 
decline trending for unconventional gas reservoirs. For example, with increasing the gas 
pressure, parameter A increases linearly; on the other hand, parameter B decreases linearly 
as the gas pressure increases. Once the gas production rate with time for a nanoscale 
element of say 20*20*20 nodes is performed, as shown in Figure 6. Then the resulting 
curves are fitted with a mathematical power function, Q=A*t-B. Then using the two 
correlations shown in Figures 6.28 and 6.29 with the porosity of the formation, the slopes 
of variation of A and B parameters of the power equation Q=A*t-B can be obtained. Now 
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with the flow length of the nanoscale element of say, 20*20*20 nodes and the slopes of 
variation of A and B parameters of the power equation Q=A*t-B as shown in Figure 6, the 
A and B parameter values of the power equation Q=A*t-B corresponding to half the 
hydraulic facture spacing can be obtained. With the estimated A and B values and using 
the power equation Q=A*t-B, one can predict the gas production rate with time for an 
unknown formation with limited field geo-material information.  
 




6.8 Summary and Conclusions  
The prediction of gas production rates after fractures and their declining pattern for 
unknown shale reservoirs is important for the ultimate recovery and economic decision-
making. This research first introduced the anisotropic pore network model to estimate the 
gas production and the decline trends for shale formations. Then using gas production data 
for three major shale formations, Eagle Ford shale, Haynesville shale, and Longmaxi shale,  
a methodology to predict the gas production rates and predicted the expected gas 
production rate for Opalinus shale formation. The major conclusion of this study are: 
1. The anisotropic pore network model with nanoscale gas diffusion is appropriate to 
represent shale gas reservoir production. In addition, the decline curve of gas 
production based on a pore network model can be used to predict unknown 
reservoir gas production rates.  
 
2. Flow length and trapped gas pressure remain the most dominating factors 
controlling gas flow declination when using the anisotropic pore network model. 
The decline in gas production decline was fitted to a power equation, Q=A*t-B, 
where A is the base number and B is the power number. The variation of parameters 
A and B with flow length were fitted and yielded good R2 values.  
 
3. Two relationships between slopes of variation of parameters A and B with porosity 
were developed.  
 
4. A methodology to predict the gas production rates with time for unknown 
formations with limited field geo-material. 
 
5. This study lays the groundwork for scaling up the nano-scale pore network model 
to estimate engineering scale shale gas production. 






The seepage phenomenon of porous media is widespread in the field of geotechnical 
engineering. With the development of society and the economy, there are many new 
seepage problems in geotechnical media. The scope covered is a cross transition from 
traditional geotechnical engineering to environmental, energy, and other fields. The 
continuum model is based on Darcy's law, which simplifies the complex microscopic 
properties. As the pore size decreases, Darcy's law can no longer reasonably explain fluid 
motion in micro-nano-scale porous media. The pore structure model is based on the pore 
characteristics of the rock and soil medium, reflecting the characteristics of the pore size 
distribution, connectivity, and anisotropy of the rock and soil medium. The pore-scale 
seepage calculation can simulate the coexistence characteristics of actual multiple flow 
mechanisms and effectively reveal the microscopic flow mechanisms such as dynamic 
multiphase flow. Therefore, It is necessary to analyze the microscopic mechanism of 
porous media seepage from the pore scale. 
 The research work of this paper first considers that changes in the pore size of the 
rock and soil media will cause significant changes in the flow regime, especially for gases, 
due to the large molecular mean free path, as the rock and soil media change from 
millimeter-level pore sand to micron-level pore rock mass. When transitioning to the nano-
porous shale matrix, the flow pattern of gas molecules changes. In response to the above 
phenomena, a theoretical model was developed; secondly, shale often exhibits a high 
anisotropic ratio with different pore scales, the pore structure characteristic parameters 
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were generalized, and the anisotropic ratio was proposed to further account for this unique 
characteristic, and an equivalent anisotropic pore network model was established; Thirdly, 
shale softening experiment was designed, and results were compared; the effect of shale 
softening was studied based on several experiments including XRD, BET, Density 
Analysis, and CT-Scanning. Finally, the theoretical gas production model was combined 
with the physical properties of the geotechnical medium; three historical gas production 
decline curves were analyzed, and simulation decline curves were correlated with the actual 
production data. This dissertation has mainly achieved the following research results: 
 
A. The equivalent pore network models of different types of rock and soil media are 
established. Using pore size, pore throat size, throat size, coordination number, and 
other geotechnical media pore structure parameters, construct an equivalent pore 
network model that meets the requirements. This model uses a cubic pore unit as the 
basic unit and supports a maximum of 26 coordination numbers. The inter-pore throats 
are generated randomly. This dissertation further analyzes the probability of the 
connection between the pores using a fully random network. It proposes the generation 
method of the connection between the pores and considers the influence of anisotropic 
parameters on the connection of the pores. 
B. The pore structure model of complex rock and soil media was established. Generalize 
the pore structure characteristics of different rock and soil media into basic physical 
parameters such as pore size distribution, pore throat size distribution, connectivity, 
porosity, etc., and construct a corresponding equivalent pore network model, which is 
reflected by setting thresholds for each coordination bond. Its existence probability 
reflects the pore connectivity of the medium. In addition, the proposed probability-
based on anisotropic ratio reflects the multi-directional and anisotropic characteristics 
of the pore structure of rock and soil media. The size of the pore throat is determined 
by the connected pores and satisfies the spatial correlation of pores and pore throats. 
Based on the pore structure model, the representative unit body is calculated to reflect 
the stability of the model; the validity of the model is verified by comparing the 
permeability of the different rock and soil media with the test data. Based on 
effectiveness and stability, the pore structure model can provide hydraulic 
characteristic parameters for rock and soil media, especially for low-permeability 
media with low efficiency in obtaining test parameters. 
C. A pore-scale single-phase gas flow calculation model based on the equivalent pore 
network model is established. Considering that the seepage material is in the gas or 
liquid phase, the fluid operating equations between the pores are analyzed, and the 
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dynamic seepage process and the steady seepage results are calculated using the time 
step iteration method and the Gauss-Seidel iteration method, respectively, and consider 
the influence of scale effect on seepage results is discussed. Using the calculation 
results of single-phase flow, the microscopic flow and the macroscopic seepage 
parameters were further combined to simulate permeability and mechanical dispersion 
coefficient values. At the same time, the influence of different pore network 
parameters on the macroscopic seepage parameters was analyzed. The comparison 
with the existing theoretical or experimental results shows that the model can calculate 
the hydraulic properties of the rock and soil media well. 
D. The nano-scale pore network model can be used to predict the decline curves of three 
major shale plays. When the average pressure of the reservoir decreases to a certain 
level during boundary flows, gas flow declines over time at early transient flow phases. 
Moreover, the continued release of gas has a much lower impact on gas production at 
the late stage. 
7.2 Future Research  
The research work of this dissertation mainly focuses on the development of theoretical 
models and microscopic seepage mechanics calculation models. The establishment of the 
model is based on actual engineering problems as a physical background, abstracting the 
mathematical model, and the model has scientific significance for the reflection of 
microscopic flow phenomena and the revealing of the microscopic mechanism. However, 
since model calculations are mainly focused on the pore scale, there are still some 
limitations to practical engineering problems. Combined with the existing research work, 
this article believes that the following points are worth studying for further improving the 
microscopic seepage mechanics model and expanding its application: 
1. Accurate extraction of pore structure of rock and soil media is needed for future work. 
The accuracy of pore structure parameters is the basis and prerequisite for correct 
subsequent simulation. Existing research mainly extracts pore structure based on pore body 
and throat distribution based on BET results, which is slightly insufficient for pore 
structures with cracks or complex shapes. Therefore, it is necessary to develop a pore 
structure extraction method suitable for special geotechnical media. 
2. The interaction between rock and soil media and pore fluid. The mechanism of seepage 
and material migration at the pore scale is complex. In addition to the factors considered 
in this article, the adsorption, desorption, chemical reaction, and biodegradation of rock 
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and soil media will affect the flow of fluids and affect the rock and soil media. Influence, 
change the characteristic parameters of pores and throats. Furthermore, in fluid migration, 
the physical and chemical properties of the rock and soil media may also change, which 
further affects the movement of the fluid. Therefore, it is necessary to study the interaction 
between rock and soil media and pore fluid to simulate the phenomenon of microscopic 
pore seepage better. 
3. Because of the multiscale variability in shale, current permeability models are unsuitable 
for field-scale investigations. The majority of shale gas flow model research has 
concentrated on predicting the microscale behavior of gas in shale, with just a few models 
focusing on the scale-up component. The PNW that should consider multiscale effect: from 
Micro-scale to Filed scale. More study on this topic is critical for the practical use of shale 
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